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ABSTRACT OF DISERTATION

DEVELOPMENT OF NOVEL POLYMERIC MATERIALS FOR THEIR
APPLICATION IN MONITORING AND REMEDIATION OF ENVIRONMENTAL
POLLUTANTS
Remediation of environmental pollutants from water is one of the major challenges in the
21st century. Utilizing novel polymeric materials to accomplish this challenge has garnered
a lot of interest in recent times. Flexibility in synthesizing as well as functionalizing makes
them attractive for their application in pollutant remediation. This work is based on
development and characterization of novel crosslinked polymeric as well as linear
polymeric materials from biphenyl-based monomers, biphenyl based crosslinker and a
temperature responsive monomer (N-isopropylacrylamide (NIPAAm)) for their
application in remediation of toxic pollutants such as polychlorinated biphenyls (PCBs),
polyaromatic hydrocarbons (PAHs) and iron oxide nanoparticle (IONP) waste.
First, we developed novel crosslinked polymers with the help of biphenyl-based monomers
and crosslinker that have high affinity towards PCBs due the presence of pi-pi stacking
interactions. Novel monomers and crosslinkers were initially synthesized by acrylation of
4,4-dihydroxybiphenyl, 4-phenylphenol, 2-phenylphenol, and the acrylated forms were
identified as 44BDA, 4PPMA, 2PPMA respectively. These monomers were characterized
by various techniques, including differential scanning calorimetry (DSC) for their melting
temperature/freezing temperature, NMR and FTIR to confirm their structure.
Subsequently, crosslinked polymer films were synthesized using 4PPMA, and 2PPMA as
monomers and crosslinked with different amounts of 44BDA. These films were then
characterized by studying their swelling properties in different solvents as well as their
mechanical strength through the determination of their compression modulus.

These developed materials were compared with polyethylene (LDPE) to test their efficacy
as a passive sampling material in real world sediment. The biphenyl polymers along with
LDPE were deployed into sediments with known PCB and PAHs concentration.
PCBs/PAHs were allowed to bind on them, these polymers were then retrieved to analyze
the amount of PCBs and PAHs bound on them at different time interval to study the binding
kinetics and compare the equilibrium binding amounts between LDPE and biphenyl based
polymers.
We also developed novel polymers by incorporating the biphenyl moiety monomers
(2PPMA,4PPMA) into a PNIPAAm network to develop a physically crosslink network
which crosslinks due to the presence of pi-pi stacking interaction. The developed polymer
were then tested for their molecular weight, swelling properties and mechanical properties.
Derivatives of these novel physically crosslinked system were used to flocculate IONPs
from water. These polymers were first characterized for their lower critical solution
temperature, their molecular weight as well as their zeta potential. Iron oxide nanoparticles
were flocculated from a suspension by addition of these polymers as well as salt to the
solution. The flocculation efficiency was studied by varying the polymer concentration,
salt concentration as well as IONP concentration. Overall, functionalized polymers can be
widely used for remediating toxic pollutants from the environment.
KEYWORDS: Biphenyl, Polymeric Sorbents, Thermoresponsive, Water remediation
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Introduction

Lack of safe drinking water is a leading cause for infectious diseases such as cholera,
diarrhea, and dysentery which in many cases eventually leads to death. According to the
2017 Global Burden of Disease study, around 1.2 million people died prematurely due to
unsafe drinking water (Ritchie 2019). Figure 1.1 represents the total number of people with
and without access to safe drinking water. Although, people with access to safe drinking
water has been increasing in the past few years, approximately 2 billion people worldwide
(~28 percent of the total population) still lack any access to a safe drinking water supply
(“WHO/UNICEF Joint Monitoring Program for Water Supply, Sanitation and Hygiene”
2019). One of the primary causes for this disparity is water pollution. Harmful substances
such as toxic chemicals and/or microorganisms can contaminate a water body and thereby
degrade the quality of water significantly leading to water pollution. This type of pollution
generally occurs when waste produced by anthropogenic activities are dumped into natural
water systems. In 2017, almost 80% of the wastewater generated by humans was dumped
back into the environment untreated, resulting in the pollution of lakes, rivers and oceans
(Denchak 2018). Thus, significant efforts need to be made to reduce water pollution and
mitigate health issues by developing strategies that are targeted towards water treatment.
Traditionally, activated carbon has been utilized for wastewater treatment due to its
desirable properties such as high surface area and strong hydrophobic interactions.
However, the challenges associated with the use of activated carbon is its difficulty in
regeneration. Thus, efforts need to be targeted towards development of alternative
materials for water treatment. Development of polymeric materials as a remediation tool
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Figure 1.1: Disparities in access to improved water sources over the past three
decades. Adapted from WHO/UNICEF Joint Monitoring Program for Water
Supply, Sanitation and Hygiene
for environmental pollutants can act as an effective and efficient treatment methodology.
Unlike traditional materials used for water remediation, polymers can be easily tuned
according to the desired application. To that end, this dissertation is focused on
development of novel polymeric materials with functional moieties for monitoring and
remediation of pollutants in contaminated water sources. The innovative materials
designed in this work provide an alternative approach to conventional materials mainly due
to their unique physicochemical properties, stimuli responsiveness, and selectivity for
controlled separation. Biphenyl moieties in the form of 2-phenylphenolmonoacrylate
2

(2PPMA), 4-phenylphenolmonoacrylate (4PPMA), are incorporated into either a
crosslinked system with crosslinker 4,4’-dihydroxybiphenyl diacrylate (44BDA) or a
thermoresponsive linear system with n-isopropylacrylamide (NIPAAm). The synthesized
polymers are utilized to monitor polychlorinated biphenyls (PCBs), polycyclic aromatic
hydrocarbons (PAHs) and to remediate iron oxide nanoparticles (IONPs) from aqueous
systems.
An extensive literature review is provided in Chapter 2 to familiarize the readers with the
various types of pollutants and their impact on the environment, development of
functionalized polymers utilized to tackle this problem and the mechanism through which
these pollutants can be removed.
Chapter 3 discusses the development of novel biphenyl monomers followed by synthesis
of associated crosslinked polymer that exhibit intramolecular pi-pi interactions. The
specific objectives of chapter 3 are discussed below:
1. Synthesize and characterize novel biphenylic monomers (2PPMA, 4PPMA) and
crosslinker (44BDA)
2. Synthesize crosslinked polymers with incorporation of 2PPMA/4PPMA with
varying amounts of 44BDA
3. Perform physicochemical characterization—swelling and mechanical testing—of
the polymeric materials
Chapter 4 is focused on the investigation of the sorption capacity of biphenylic crosslinked
polymers and its comparison with polyethylene. The specific objectives of chapter 4 are
discussed below:
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1. Investigation of the sorption capacity of biphenylic crosslinked polymers and
comparison with polyethylene
2. Development of crosslinked polyethylene glycol (PEG) with incorporation of
2PPMA-co-44BDA and 4PPMA-co-44BDA microparticulates in PEG network
3. Deployment of synthesized polymers alongside polyethylene in real world
sediments to analyze the amount of bound PCBs/PAHs through kinetic and
equilibrium binding studies
Chapter 5 discusses the development of temperature responsive polymeric gels with
intramolecular pi-pi interactions acting as physical crosslinking sites. The specific
objectives of this chapter are discussed below:
1. Synthesis of thermoresponsive polymers through copolymerization of 2PPMA and
4PPMA monomers with NIPAAm
2. Evaluating the molecular weight, swelling and mechanical properties of the
synthesized polymers
Chapter 6 is focused on studying the flocculation of iron oxide nanoparticles (IONPs) using
thermoresponsive polymeric materials. The specific objectives of this chapter are discussed
below:
1. Synthesis of thermoresponsive polymers, copolymerized 2PPMA/4PPMA with
NIPAAm, with decreased biphenyl monomer concentration
2. Characterized the synthesized polymers for their lower critical solution temperature
(LCST), molecular weight and zeta potential
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3. Utilized these polymers for flocculating IONPs and optimized parameters such as
NaCl concentration, IONP concentration and polymer type/concentration in order
to obtain optimum flocculation conditions
Finally, chapter 7 summarizes the key findings, contextualizes future directions and
concludes the thesis dissertation
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2

Background

Water pollution is a major cause of health concern and thus monitoring and remediation of
aqueous pollutants should be of utmost priority. To that end, this thesis dissertation is
focused on development of polymeric materials for wastewater remediation. The
background chapter first introduces the reader to the pollutants targeted in this work. Next,
it describes the different types of polymeric materials utilized to remediate the pollutants
and finally it provides an overview of the various synthesis and characterization techniques
used for polymeric materials.

2.1 Aqueous pollutants and corresponding monitoring and remediation
technologies
This section describes the pollutants targeted in this work, namely, polychlorinated
biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs) and metal oxide
nanoparticles (MONPs) alongside their associated monitoring/remediation techniques.
2.1.1

Aromatic pollutants

2.1.1.1 Polychlorinated biphenyls (PCBs)
Polychlorinated biphenyls (PCBs) (Figure 2.1) are one of the well-known persistent
organic pollutants (POPs) that were produced during the 20th century (Lang 1992; Safe

Figure 2.1: Structure of polychlorinated biphenyls (PCBs)
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1994; Johnson et al. 1964; Beyer and Biziuk 2009). These compounds exhibit high stability
at extreme temperatures and were therefore widely desirable for use in electrical
equipments such as capacitors and transformers (N. Li et al. 2003; Johnson et al. 1964;
Lang 1992). Alongside their stable nature, properties such as low vapor pressure and low
water solubility made them favorable for a multitude of applications and led to their
widespread use. Extensive usage along with improper storage and handling has led to
global environmental PCB contamination. Unfortunately, the once desirable qualities
exhibited by PCBs is what now allows them to linger in the environment for decades
without degrading (F. E. Ahmed 2003; Johnson et al. 1964).
PCBs are hydrophobic in nature and therefore generally accumulate in the leafy parts of
edible plants, crops and aquatic life (F. E. Ahmed 2003). Consumption of contaminated
plants and seafood allow these pollutants to enter the human body where they can
subsequently cause a variety of adverse health effects. In fact, PCBs have been shown to
affect various human body systems such as immune, nervous, and reproductive systems.
Due to such hazardous effects, the Environmental Protection Agency (EPA) has labeled
PCBs as potential carcinogens and in 1979 banned their usage. Current efforts are now
focused on PCB detection and remediation (F. E. Ahmed 2003; N. Li et al. 2003;
Kimbrough 1995; Faroon, Jones, and De Rosa 2000; Carpenter 1998; Safe 1994; Borja et
al. 2005; Lang 1992; Beyer and Biziuk 2009).
2.1.1.2 Polycyclic aromatic hydrocarbons (PAHs)
PAHs are a class of more than 100 chemicals composed of up to six benzene rings fused
together such that two adjacent benzene rings share two carbon atoms (Lawal 2017;
Freeman and Cattell 1990; Baek et al. 1991). Structure of one of the widely used PAHs
7

(i.e., naphthalene) is represented in Figure 2.2. These compounds occur naturally in coal,
crude oil, gasoline and are also present in fossil fuel byproducts such as asphalt, coal-tar
pitch, etc. Environmental contamination occurs mainly through incomplete combustion of

Figure 2.2: Structure of naphthalene
carbon containing compounds as well as during natural disasters such as volcanoes and
forest fires (Larsson et al. 1983; Freeman and Cattell 1990; Baek et al. 1991; Laflamme
and Hites 1978).
PAH air contamination can occur through exhaust from combustion of fossil fuels whereas
soil and water contamination namely occur through industrial wastewater discharge. Once
released in the environment, similar to PCBs, PAHs can persist in the environment for
decades without degradation (Laflamme and Hites 1978; Baek et al. 1991; Lawal 2017).
Plants growing in PAH polluted environments have high concentrations of PAHs and when
ingested, can contaminate the human body. Studies have shown that long term exposure to
PAHs can lead to cataracts, kidney and liver damage, such as jaundice. Such long-term
exposure has been even corelated to lung, skin and urinary cancers. Due to such detrimental
side effects, research is being conducted to find effective environmental remediation
options (Boffetta, Jourenkova, and Gustavsson 1997; Samanta, Singh, and Jain 2002;
Mastrangelo, Fadda, and Marzia 1996; Phillips 1999; Larsson et al. 1983).
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2.1.1.3 PCBs/PAHs monitoring
As mentioned above, efforts are being made to remediate PCBs and PAHs from the
environment. Before remediation can be successful however, concentration of these
pollutants in the environment must be determined to effectively target the remediation
technologies. Therefore, monitoring PCBs and PAHs in the environment is one of the most
important steps in effectively remediating them (Stuer-Lauridsen 2005).
PCBs/PAHs are hydrophobic in nature and mainly found in sediments of water bodies.
Monitoring sediment pollution concentration is a crucial task in understanding their mass
flow in a water body. Many methods have been used to monitor organic pollutants, for
example, collecting discrete grab of sediment or water to measure their concentration. Such
a grab represents only a snapshot of the total water body, and if pollutant concentration is
very low, one might need to grab a larger amount of sediment/water to accurately measure
them. Another method includes deployment of biota into the water body. The
bioaccumulation of these organic pollutants in the tissues or lipid extract of the organism
will

represent

true

equilibrium

concentration

of

waterborne

contamination.

Bioaccumulation, however, depends not only on equilibrium concentration but also on a
number of other variables such as metabolism, excretion, and condition of the organism
(Kot-Wasik et al. 2007; Górecki and Namieśnik 2002; Stuer-Lauridsen 2005).
2.1.1.3.1 Passive sampling
Passive sampling is a technique that has been used to monitor pollutants in the environment
and is based on the simple concept of free flow of the analyte (pollutant to be monitored)
from sampled medium (water body/sediment) to a collecting medium (passive sampler).
The free flow of analyte takes place until equilibrium is established between sample
9

medium and collecting medium or until terminated by the removal of the passive sampler
(Figure 2.3). Therefore, deploying a sample medium (generally a polymer) in a water body
for a certain period of time and analyzing the amount of bound pollutant can help to
determine equilibrium concentration or the time weighted average concentration of
pollutant in the water body. Passive samplers are not dependent on an electricity source
and are therefore ultimately cheaper to produce and operate. They also analyze the time
weighted average concentration, which provides long-term pollutant concentration data
that is less affected by random short-term fluctuations. Due to the benefits mentioned
above, the usage of passive samplers in monitoring organic pollutants continues to increase
(Rusina et al. 2007; Stuer-Lauridsen 2005; Zabiegała et al. 2010; Kot-Wasik et al. 2007;
Górecki and Namieśnik 2002; Ghosh et al. 2014; Jalalizadeh and Ghosh 2016).
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Figure 2.3: Concentration of the contaminant of the passive sampler as a
function of time (adapted from passive sampling manual).

2.1.2

Metal oxide nanoparticles (MONPs)

Metal oxide nanoparticles (MONPs) are metallic oxides with nanoscale size ranges and
can occur naturally as well synthetically. MONPs are widely used in variety of applications
including coatings, antimicrobial and antiviral, semi-conductors and personal care
products. Differences in the fundamental electronic, magnetic, optical, chemical, surface
and biological processes at nanoscale make them highly desirable for a multitude of
purposes (Deline and Nason 2019).
Utilization of MONPs in large amounts leads to intentional and/or unintentional
environmental, and just as with so many other man-made contaminants, most of the
11

properties that make MONPs attractive for industrial applications also contribute to their
toxicity. Reports have shown that exposure to such nanoparticles can cause generation of
reactive oxygen species and ultimately lead to cell injury by damaging the DNA or cell
membranes. Due to their small size, these nanoparticles can penetrate and carry unwanted
pollutants into cells, leading to adverse effects. Efforts need to be focused on remediation
of these particles from the environment. To that end, some common methods used in
removal of MONPs include flotation, flocculation, filtration and biological processes.
However, the nano size of these materials provides obstacles that common methods might
not address and there is need for improvement in the current strategy of MONP removal
(Amde et al. 2017; Peralta-Videa et al. 2011; Rastogi et al. 2017; Bondarenko et al. 2013;
Y. Liu et al. 2014). In this thesis, flocculation technology is utilized to separate iron oxide
nanoparticles (IONPs) from aqueous suspension. The following section is focused on
providing a brief background of how flocculation can be used for solid liquid separation.
2.1.2.1 Flocculation
Flocculation if one of the techniques utilized for nanoparticle remediation. Flocculation is
a solid-liquid separation which is frequently used to separate a colloidal suspension from a
solvent. This is achieved by adding flocculant to the suspension and binding suspended
particles through forces of attraction, eventually leading to precipitation of the suspended
particles. Colloidal suspensions are stable due to the presence of interfacial charged
particles which hinders their aggregation. The added flocculant can lead to adsorption of
colloidal particles on its surface and neutralization of charges which leads to their
precipitation (Figure 2.4) (R Hogg 2000; Gregory and O’Melia 1989).
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Figure 2.4: Flocculation schematics

The flocculant plays an important role in a flocculation process. Colloidal particles are
generally in a stable suspension because two opposite forces are acting upon them. The
first is repulsive forces between the interfacial charges, and the other is attractive Van der
Waals/hydrophobic forces between the particles (Baraniak and Waleriańczyk 2003). By
adding flocculant, these equal and opposite forces are disturbed and lead to aggregations.
One method of disturbance is to introduce charged electrolytes. Repulsive coulombic
forces between colloidal particles are weakened due to electrostatic screening and attractive
forces thus dominate, allowing the colloidal suspension to destabilize and form a floc by
aggregation. Figure 2.5 represents the mechanism by which destabilization of a colloidal
suspension takes place in the presence of an electrolyte (Eckert and Sholkovitz 1976).
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addition of electrolyte

Figure 2.5: Destabilization of a stable floc through charge neutralization by
addition of flocculant. Stable suspension on the left and a destabilized colloidal
suspension after addition of an electrolyte on the right
To conclude, section 2.1 contained the different types of pollutant classes targeted in this
thesis as well as their monitoring/remediation technology. The next section is focused on
polymeric materials utilized for water remediation.

2.2 Polymers for water remediation
Polymeric materials have emerged in the last few decades as potential replacement
adsorbents for the most ubiquitous sorbent, activated carbon. These materials have an
advantage over activated carbon because their properties can be easily tuned and they can
be designed to take a multitude of forms like linear, crosslinked and/or branched polymers
(Dai, Ravi, and Tam 2008; Stawiński 2021). Moreover, because interaction between the
pollutants and activated carbon are generally very strong, it becomes difficult to recover
the activated carbon for reuse. Polymers can address this issue by finetuning forces of
attraction and thus facilitating regeneration (Akharame et al. 2019; Tesh and Scott 2014).
Introducing functionalities into a polymeric matrix can help develop materials with specific
applications. Thus, the work described in this thesis is focused on development of novel
functional polymers for water remediation. This section serves as an introduction to two
14

class of polymeric materials utilized in this thesis, namely, polymers with aromatic
functionalities and thermoresponsive polymers
2.2.1

Polymers with aromatic functionalities

Functionalization of polymeric materials with an aromatic moiety can be extremely helpful
for remediation and monitoring of pollutants that have affinity to pi electrons in an aromatic
ring. In this thesis, a frequently used aromatic moiety is the biphenyl group. Biphenyl
groups are known to have mesogenic moieties that can be used to form liquid crystalline
polymers with nematic, smectic and cholesteric phases (Zhu et al. 2019; Pollmann and
Schulte 1987; Finkelmann et al. 1978). Materials containing biphenyl rings have a variety
of unique properties such as exhibition of antimicrobial and antifungal behavior (Kuo et
al. 2020; Jain, Gide, and Kankate 2017). Additionally, biphenyl moieties can interact with
different types of pollutants through pi-pi stacking interactions and cation-pi interactions
(discussed in section 2.2.1.1).
Polymers functionalized with aromatic moieties have been used for various applications.
Jain et al. and Cavilliani et al. have studied the anti-microbial and antiviral properties of
biphenyl-based materials (Jain, Gide, and Kankate 2017; Cavallini et al. 1959). Our group
has also developed polymers containing biphenyl moieties and studied aromatic pollutant
binding efficiency through pi-pi stacking interactions. Tang et al. have developed polymers
containing biphenyl moieties to remediate phenol from water (Tang 2019). Gutierrez et al.
have been developed polymeric nanocomposites containing aromatic moieties to remove
chlorinated contaminants from water sources (Gutierrez et al. 2020). Apart from this,
literature also points towards utilizing these aromatic moieties to bind metal cations from
water through cation-pi interactions. Kashat et al. have utilized biphenyl compounds to
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remediate metal ions from aqueous solution by forming complexes of biphenyl and metal
ions (Kashat et al. 2015).
2.2.1.1 Examples of interactions with aromatic moieties
2.2.1.1.1 Pi-pi stacking interactions
Attractive, non-covalent interactions between pi bonds of aromatic rings are referred to as
pi-pi stacking interactions (Hunter and Sanders 1990). Representative conformations of pi
stacking in benzene dimer are shown in Figure 2.6. These interactions are important for
biological systems such as nucleobase stacking of DNA and RNA molecules as well as
protein folding (Waters 2002; N.-Y. Chen, Su, and Mou 2006). Utilization of these pi-pi
stacking interactions has led to an array of research in the fields of self-assembled
monolayers, shape memory polymers, and molecular recognition (Yang et al. 2014; Tao,

pi-pi stacking interactions

Face-to-face stacked

Edge-to-face stacked

Offset stacked

Figure 2.6: Various conformations of pi-pi stacking interactions between
aromatic moieties. Adapted from Zhuang et al. 2019. “Applications of π-π
Stacking Interactions in the Design of Drug-Delivery Systems.” Journal of
Controlled Release 294: 311–26.
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Lee, and Chang 1993; H. M. Jeong et al. 2000; Eck et al. 2005; Zhuang et al. 2019). For
environmental remediation, these interactions can also be observed between biphenyl
molecules and humic matter (Petriello et al. 2014). Capture of aromatic based pollutants
such as PCBs and PAHs can be achieved by fabricating systems that contain aromatic rings
which can bind pollutants them through pi-pi stacking interactions (Jonker and Koelmans
2002).
2.2.1.1.2 Cation-pi interactions
Similar to attracting adjacent pi bonds, aromatic rings can also attract neighboring cations
through cation-pi interactions. These interactions are also noncovalent molecular
interactions between a pi electron rich system (aromatic ring, ethylene, acetylene etc.) and
an adjacent cation (Na+, Fe2+ etc.) (Figure 2.7) (Dougherty 2013). In the case of aromatic
rings, cation-pi interactions are present between a monopole (cation) and a quadrupole
(aromatic ring) (S. Y. Jeong et al. 2012). These interactions play an important role in
biological processes such as maintaining protein structure, molecular recognition and
enzyme catalysis (Dougherty 1996; Crowley and Golovin 2005). In environmental
remediation, aromatic rings can be utilized to remediate metal cation contamination by
selective binding (Vandenbossche et al. 2015).

Fe2+

Figure 2.7: Cation-pi interaction between an Fe2+ ion and a benzene ring
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2.2.2

Poly (n-isopropylacrylamide) based polymers

Temperature responsive materials are considered “smart” materials due to their ability to
alter fundamental properties depending on the surrounding temperature (Jochum and
Theato 2013; Crespy and Rossi 2007). Poly(n-isopropylacrylamide) (PNIPAAm)
(Structures of NIPAAm and PNIPAAm are shown in Figure 2.8) is one of the most widely
studied thermoresponsive responsive polymers and exhibits a sharp phase transition at its
lower critical solution temperature (LCST), ~32 ºC (Afroze, Nies, and Berghmans 2000;
Heskins and Guillet 1968; Fujishige, Kubota, and Ando 1989).. Below the LCST,
PNIPAAm is hydrophilic in nature and water soluble; as one increases the temperature to
above LCST, however, it turns hydrophobic and precipitates out in aqueous solution due
to a coil-to-globule-to-aggregate transition as shown in Figure 2.9. When this transition
occurs in crosslinked polymers, the LCST is sometimes also referred to as the volume
phase transition temperature (VPTT). Studies have shown this transition is a result of
hydrogen bonding disruption as well as an increase in hydrophobic interactions between
the polymer chains as temperature increases, which causes polymer precipitation (Schild
1992b; Pelton and Chibante 1986; Hirotsu, Hirokawa, and Tanaka 1987; Otake et al. 1990;
Kubota, Fujishige, and Ando 1990). The temperature responsive behavior exhibited by
NIPAAm is a desirable attribute for various applications such as drug delivery, pollutant
capture, tissue engineering, and separation processes (Mu et al. 2012; Coughlan and
Corrigan 2006; Afroze, Nies, and Berghmans 2000; A. Zhou et al. 2019). In recent years,
PNIPAAm-based systems have been successfully used for wastewater remediation due to
their stimuli responsive properties, ease of functionalization, and controlled separation of
selective pollutants.
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Figure 2.9: Structures of n-isopropylacrylamide (NIPAAm) on the left and poly(nisopropylacrylamide) (PNIPAAm) on the right

Figure 2.8: Phase transition of a PNIPAAm system in water. On the left, PNIPAAm
is dissolved in DI water below its LCST and on the right PNIPAAm precipitates out
forming a milky solution above its LCST
2.2.2.1 NIPAAm based polymers for water remediation
NIPAAm based polymers are especially interesting as potential pollutant sorbents for water
remediation because unlike traditional adsorbents, these polymers exhibit unique
physicochemical properties such as stimuli-responsive behavior and can be easily modified
to display selectivity towards certain pollutants. NIPAAm based polymeric materials have
been widely researched and reported as water remediation tools and some of this work is
discussed below.
To develop materials for water remediation, NIPAAm is generally accompanied by another
material which such as a comonomer, carbon-based material or nanoparticles. In such
composite systems, the NIPAAm component is included in order to attribute
19

thermoresponsive behavior to the polymer and the accompanied component (comonomer,
carbon, nanoparticle) is generally the active material for pollutant binding in water
remediation. Examples of such research can be seen by Gong et al. where graphene oxide
was incorporated with PNIPAAm to study binding of phenols from water (Gong, Li, Han,
et al. 2016) and Zhou et al. who reported on the inclusion of chitosan with PNIPAAm to
study adsorption of sulfamethoxazole and Bisphenol A (A. Zhou et al. 2019). Apart from
adsorbent applications, NIPAAm based materials have also been reported as agents for the
reduction of organic contaminants. For example, Khan et al. developed a PNIPAAm based
microgel for the reduction of organic pollutants. (Khan et al. 2020)
2.2.2.2 Flocculation with PNIPAAm
Linear PNIPAAm platforms have been examined and reported as water-based flocculant
systems. The main reason that NIPAAm based polymers are attractive as potential
flocculants is because these polymers can dissolve in water at low temperatures (below
LCST) and can subsequently act as a flocculant as well as a flotation collector when
aqueous temperature is raised. As temperature increases above the LCST, the polymer
turns hydrophobic and forms a turbid suspension. If sufficient electrolytes are present in
the solution, this suspension can form a floc and congruently remove pollutants during the
flocculation process.
PNIPAAm systems are still fairly new and as such, quite a lot of research is being
conducted to help understand fundamentals of the flocculation process as well as their
application in environmental remediation. To aid in this effort, Ma et al. studied effects of
the presence of polar hydroxyl groups on flocculation kinetics (X. Ma and Tang 2006).
Additionally, Fanaian et al. and Daly et al. studied the effects of various types of
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electrolytes on the dispersion and flocculation behavior of PNIPAAm (Daly and Saunders
2000; Fanaian et al. 2012). An example of applying PNIPAAm based polymers as pollutant
flocculants can be seen by Deng et al. who synthesized a cationic PNIPAAm polymer to
floc TiO2 from an aqueous colloidal solution (Y. Deng, Xiao, and Pelton 1996). Additional
examples include Andrade et al. who utilized PNIPAAm based polymers to reduce the
turbidity of river wastewater (Contreras-andrade et al. 2015) and Tokuyama et al. who also
developed a thermoresponsive polymer to remediate heavy metal ions from water through
flocculation. (Tokuyama et al. 2010).
In conclusion, this section described different types of polymeric materials and their
associated properties that can be utilized for water remediation. The next section is focused
on the synthesis and characterization techniques of polymeric materials utilized in this
work.

2.3 Synthesis and characterization of polymeric materials
The primary goal of this section is to introduce different types of synthesis and
characterization techniques of polymeric materials, where the first subsection focuses on
development of crosslinked polymers and the following subsection describes the
development of linear polymers.
2.3.1

Synthesis and characterization

2.3.1.1 Crosslinked polymers
Crosslinked polymers are 3-dimensional mesh networks that do not dissolve but rather
swell when exposed to various solvents. (Laftah, Hashim, and Ibrahim 2011; Ullah et al.
2015). Crosslinked polymers have been used as water remediation materials because of
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their ability to attract contaminants through swelling in water (Pooresmaeil and Namazi
2020; Jing et al. 2013). Through addition of specific functionalities to the polymer network,
water-based pollutants can be absorbed in the network and removed from the contaminated
aqueous system.
2.3.1.1.1 Synthesis
The most widely reported route of crosslinked polymer synthesis is via free radical
polymerization. Free radical polymerization is a method in which a polymer is formed by
the successive addition of free radical building blocks (Schild 1992a). These free radicals
can be generated by numerous methods including addition of an initiator to generate
radicals when supplied with energy in the form of heat or light. Some commonly used
thermal initiators are ammonium persulfate (APS), potassium persulfate (KPS) and
azobisisobutyronitrile (AIBN), and the reaction is generally carried out at temperatures
between 50ºC – 80°C (Furyk et al. 2006; S. Chen, Jiang, and Sun 2013; Gao and Frisken
2003). The reaction can be carried at ambient temperature when a catalyst is used along
with APS. Tetramethylethylenediamine (TEMED) and sodium metabisulfite (SMBS) are
two well reported catalysts used in this type of scenario (X. Hu, Tong, and Lyon 2011;
Gehrke, Palasis, and Akhtar 1992; Chuang, Chiu, and Tai 2012). Synthesis requires a
solvent where the monomer, comonomer/crosslinker and initiator are soluble and can form
a homogenous solution. Some of the common solvents used for synthesis of crosslinked
polymers are water, dimethyl sulfoxide (DMSO), tetrahydrofuran (THF) and benzene. (S.
Zhou and Chu 1998; Sumaru et al. 2006; Feng et al. 2011).
Crosslinked polymers are formed by the addition of a crosslinker in order to connect
growing chains during the polymerization process. A widely used commercially available
22

crosslinker is N,N’-methylenebis(acrylamide) (NMBA) (K.-S. Chen et al. 2002; Fernandez
et al. 2006; Lue, Chen, and Shih 2011). Apart from using commercial crosslinkers, several
groups have reported in-house synthesis of crosslinkers as well. (Don and Chen 2005;
Tanaka et al. 1998).
Crosslinked polymers can take various forms including, spheres, cylinders, brushes, block
copolymers and sheets as well as various sizes ranging from nanometers (nanogels),
micrometers (microgels) and millimeter (macrogols) (Y. Wang et al. 2014; Naddaf and
Bart 2011; Wei et al. 2008; Stenzel, Zhang, and Huck 2006; Ghugare, Mozetic, and
Paradossi 2009). Individual properties of the polymer can be fine-tuned by varying reaction
conditions, reaction vessel, comonomer/crosslinker type and concentration which further
increases the desirability of these materials for a multitude of applications, including water
remediation.
2.3.1.1.2 Characterization of crosslinked polymers
Swelling properties
Characterization of polymeric materials is an important step for determining their
applicability and various methods are utilized to confirm composition, mechanical
integrity, and swelling properties. One of the important techniques to characterize
crosslinked polymers is measuring its swelling ratio after adding the polymer to a solvent.
The swelling ratio, Q, is measured gravimetrically and calculated by the following
equation:
𝑄=

𝑀!"#$$%&
𝑀'()

23

Where Mswollen is the swollen equilibrium mass of the polymer and Mdry is the dried mass
of the polymer. A crosslinked polymer, rather than dissolving, will swell in a solvent and
by studying its swelling ratio in a particular solvent, one can understand the interaction
between the polymer and solvent as well as determine the differences in crosslinking
density as shown in Figure 2.10. The figure depicts that as the crosslinking density
increases, i.e. the amount of crosslinker in the network increases, the swelling ratio
decreases. This occurs due to less free volume available in the network with increasing
crosslinking density which leads to the formation of a rigid network, thus restricting the
polymer from swelling.

Figure 2.10: Swelling ratio as a function of crosslinking density. Higher the crosslinking
density, lower is the swelling ratio
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Swelling properties of NIPAAm hydrogels
NIPAAm hydrogels, being temperature responsive, are characterized by temperature
responsive swelling studies in aqueous solution. The temperature responsive swelling
study is performed by measuring the swelling ratio at different temperatures. (Andersson,
Axelsson, and Zacchi 1998).
A graph of a representative temperature responsive swelling study is shown in Figure 2.11.
Before the transition region, i.e. below the LCST, no significant change is observed in the
swelling ratio. As temperature increases, however, the polymer transitions to a

Figure 2.11: Schematic representation of swelling of a PNIPAAm hydrogel as a
function of temperature
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hydrophobic state and swelling ratio decreases. As temperature increases further and goes
beyond the LCST, swelling ratio once again remains fairly constant. Thus, one can
determine the LCST from this study, where LCST will lie somewhere in the transition
region.
Mechanical testing
Another important characterization technique to measure polymer crosslinking density is
by measuring the modulus of the polymer. As crosslinking density changes, the amount of
free volume changes, affecting the polymer’s mechanical integrity (Krakovský et al. 2019;
Tokuyama, Ishihara, and Sakohara 2007). Therefore, measuring compression modulus can
allow for an indirect correlation to crosslinking density. Figure 2.12 depicts the

Figure 2.12: Compression modulus as a function of crosslinking density. Higher the
crosslinking density, higher the compression modulus
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compression modulus as a function of crosslinking density. It can be seen that as
crosslinking density increases, the free volume present in the network decreases and leads
to higher rigidity within the network, thus increasing the compression modulus. (Bryant et
al. 2004).
2.3.1.1.3 Advantages and disadvantages
Crosslinked polymers are one of the widely used materials as pollutant adsorbents since
they possess simple synthesis and functionalization properties as well as good water
retention, which allows them to interact and bind pollutants easily. By controlling the mesh
size of the crosslinked network, one can selectively bind smaller size pollutants as shown
in Figure 2.13 which can result in improved selectivity (Lieleg and Ribbeck 2011; Tokarev
and Minko 2010).

Figure 2.13: Schematic representation of filtering out larger size (grey
particle) pollutants and selectively bind smaller size (brown particle)
pollutants by controlling the crosslinked network of the polymer
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Although crosslinked polymers are widely used, they do have some disadvantages. One
such disadvantage is the high dependence of swelling properties on the amount of
crosslinker present in the network. For instance, with a decreasing amount of crosslinker
in the network, swelling capacity of the gel increases, and the mechanical integrity of the
system decreases. On the other hand, if the amount of crosslinker is higher than expected,
the gel does not exhibit significant swelling behavior, leading to fewer interactions between
aqueous pollutants and the gel. Therefore, an optimum amount of crosslinker must be
determined in order to synthesize a mechanically stable bead which swells an appropriate
amount and leads to adequate polymer – pollutant binding interactions.
2.3.1.2 Linear polymers
Polymers that do not incorporate crosslinkers in their network can form linear polymers.
Such linear systems are also widely applicable in water remediation. Instead of having a
dimensional change in the presence of a solvent, these polymers exhibit a phase change
such that they dissolve in solvents. For wastewater treatment applications, these polymers
are dissolved in contaminated water and adsorption takes place in the solution rather than
on the surface or within the gel. Unlike crosslinked polymers, these polymers, if
hydrophilic, can be dissolved in water, allowing for maximum interaction between polymer
and the pollutant.
2.3.1.2.1 Synthesis
Linear polymers are synthesized similarly to the crosslinked polymers except for the
presence of a crosslinker. Free radical polymerization is one of the major routes of
synthesizing linear polymers as well. The monomer, comonomer and initiator are dissolved
in a compatible solvent (DI-H2O, DMSO, THF) and polymerization takes place at the
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desired temperature. Once polymerization is complete, rather than forming a solid gel, the
polymer is in the dissolved phase in the reaction solvent. One can precipitate the polymer
by adding the reaction solution to a different solvent in which the polymer can precipitate
easily.
2.3.1.2.2 Characterization
Molecular weight determination
Molecular weight determination of linear polymers is an important characterization
technique that helps determine the chain length and viscosity of the polymer, which
influences their pollutant removal efficiencies. Gel permeation chromatography (GPC) is
one of the techniques that is used to measure molecular weight of polymers. A schematic
representation of the working principles of GPC are shown in Figure 2.14 (Striegel et al.
2009).
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Figure 2.14: Development and detection of size separation by SEC. Adapted from A.
M. Striegel, W. W. Yau, J. J. Kirkland, and D. D. Bly. Modern Size-Exclusion Liquid
Chromatography- Practice of Gel Permeation and Gel Filtration Chromatography, 2nd
Edition. Hoboken.
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Linear PNIPAAm characterization techniques
Linear NIPAAm polymer’s LCST can be characterized via turbidity measurements with
UV/Visible spectroscopy. These polymers dissolve in water at temperatures below LCST
and precipitate at temperatures above LCST, turning the water opaque. By measuring the
transmittance of the solution at different temperatures, one can determine the polymer
LCST by observing the temperature at which transmittance is at 50% (Figure 2.15) (Luzon
et al. 2010; Yin, Hoffman, and Stayton 2006).

Figure 2.15: LCST determination of linear PNIPAAm based system by measuring
the transmission of the aqueous solution as a function of temperature
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2.3.1.2.3 Advantages and disadvantages
Similar to crosslinked polymers, linear polymeric materials also possess ease of
preparation and functionalization. Particularly, hydrophilic linear polymers have the ability
to dissolve in water and therefore lead to efficient interactions between polymers and
pollutants, thus resulting in effective remediation of pollutants.
One of the biggest challenges associated with the use of linear PNIPAAm polymers is their
recovery efficiency. While the polymer dissolves in water at low temperatures, one has to
increase the temperature to recover the polymer via precipitation. Thus, the recovery of
polymer is highly dependent on the precipitation characteristics of the polymer.

2.4 Conclusion
This chapter first introduced the pollutants, PCBs, PAHs and MONPs that form the major
focus of this thesis dissertation. Next, it highlighted some of the current technologies
utilized to monitor/remediate these pollutants from the environment. Development of
polymeric materials is at the forefront of this thesis that can address some of the drawbacks
of the current technologies. To that end, we focused on prior literature aimed at
development of polymers with aromatic moieties as well as thermoresponsive properties
for water remediation. Finally, this chapter focused on some of the commonly used
techniques for synthesis and characterization of the different types of polymers.
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DEVELOPMENT
ASSOCIATED

OF

BIPHENYL

CROSSLINKED

MONOMERS
POLYMERS

AND
WITH

INTRAMOLECULAR PI-PI INTERACTIONS
This chapter is taken directly or adapted from work published in Shah et al. (2020) Copyright 2020
Wiley. Used with permission from Rishabh A. Shah, Thomas Ostertag, Shuo Tang, Thomas D.
Dziubla, and J. Zach Hilt, “Development of biphenyl monomers and associated crosslinked
polymers with intramolecular pi-pi interactions”

3.1 Abstract
Monomers containing biphenyl moieties were employed to create two sets of covalently
crosslinked polymers that displayed noncovalent interactions in their 3-dimensional
network. The biphenyls (precursors) used were 2-phenylphenol, 4-phenylphenol and 4,4’dihydroxybiphenyl, and their acrylated forms were synthesized and named as 2phenylphenolmonoacrylate (2PPMA), 4-phenylphenolmonoacrylate (4PPMA), and 4,4’dihydroxybiphenyldiacrylate (44BDA), respectively.

These were characterized by

differential scanning calorimetry (DSC), nuclear magnetic resonance (NMR) and Fourier
transform infrared spectroscopy (FTIR) to confirm the successful acrylation reaction.
Polymers were synthesized via free radical polymerization reactions with varying
crosslinker contents, and their network properties were characterized using swelling
studies and compressive modulus tests. Interestingly, swelling studies did not show the
expected decreasing swelling ratio with increasing crosslinker content, while compression
testing indicated the expected trend of increasing modulus with increasing crosslinking
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density. The unexpected swelling results are hypothesized to result from the intramolecular
interactions between the biphenyl side groups that result in noncovalent crosslinks.
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3.2 Introduction
Crosslinked polymers are a class of polymers with a three-dimensional mesh network that
do not dissolve but rather swell when exposed to good solvents. (Ahn et al. 2008; Zhao et
al. 2013; Elliott et al. 2004) These gels can be classified as physically, or chemically
crosslinked networks based on the type of connections between their linear chains.
Chemically crosslinked polymers have permanent covalent bonds that hold the structure
together, whereas physically crosslinked polymers exhibit noncovalent interactions
between their linear chains. (Lin et al. 2005; Y. Liu et al. 2009; Fleury et al. 2007; Weck
2007; G. Deng et al. 2010; Hoffman 2012; E. M. Ahmed 2015; Maitra and Kumar Shukla
2014; Mane, Ponrathnam, and Chavan 2015; Ji et al. 2015) These interactions can include
entangled chains, hydrogen bonding, ionic interactions, hydrophobic interactions, and
supramolecular chemistry. (Weck 2007; Maitra and Kumar Shukla 2014; Ji et al. 2015;
Mane, Ponrathnam, and Chavan 2015)
Chemically crosslinked polymers are used when an irreversible and stable system is
desired, but they lack the ability to adapt their structure upon certain stimuli. Alternatively,
physically crosslinked systems can adapt and respond to their environment but are not
stable over long periods of time and lack the mechanical integrity of chemically crosslinked
polymers. Combining noncovalent interactions with covalent crosslinking can produce a
flexible yet stable polymer. Such polymers are called as supramolecular crosslinked
polymers and are currently being developed and applied in various fields like shape
memory polymers. (J. Li et al. 2007; Seiffert and Sprakel 2012; Ji et al. 2013; Kumpfer
and Rowan 2011; Tan et al. 2018; Ross-Murphy 1998; W. Lu et al. 2017; Miyamae et al.
2015)
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Functionalization of the polymer with side groups that can interact with each other is a
crucial part in determining the properties of a physically crosslinked system. (Weck 2007;
Behl and Lendlein 2007) One such group that can be used is a biphenyl ring. Biphenyl
groups are known to be mesogenic moieties that can be used to form liquid crystalline
polymers with nematic, smectic and cholesteric phases (Finkelmann et al. 1978; Pollmann
and Schulte 1987; Zhu et al. 2019; Cigl et al. 2020), and materials containing biphenyl
rings have a wide variety of unique properties such as being antimicrobial and antifungal.
(Jain, Gide, and Kankate 2017; Kuo et al. 2020) Additionally, biphenyl moieties can
interact with each other through pi-pi stacking interactions. Utilization of these pi-pi
stacking interactions has led to wide variety of research in the fields of self-assembled
monolayers, shape memory polymers, and molecular recognition. (Eck et al. 2005; Tao,
Lee, and Chang 1993; H. M. Jeong et al. 2000; Yang et al. 2014; G.-F. Liu et al. 2002;
Pellequer et al. 2005) For molecular recognition, prior reports suggest that molecules
containing biphenyl rings bind to the S2B1 antibody with high affinity due to the presence
of aromatic domains that lead to strong pi-pi stacking interactions. (Pellequer et al. 2005;
Petriello et al. 2014) These interactions can also be observed between biphenyl molecules
and humic matter. (Koelmans et al. 2009) Including biphenyl moieties in a polymer can be
used to produce a high affinity adsorbent for binding other molecules that have biphenyl
groups such as polychlorinated biphenyls (PCBs). In this work, we report a method for the
development of crosslinked polymers containing biphenyl moieties where the smectic
interactions of the biphenyl moieties can act as additional crosslinkers and be utilized for
aforementioned properties.
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Previous reported literature of crosslinked polymers containing biphenyl moieties have
studied their crystalline nature, reversible interactions as well as phase change properties.
(Mehravar et al. 2016; J.-S. Hu et al. 2004; Callau, Reina, and Mantecón 2002; Bualek and
Zentel 1988) Our study utilizes novel biphenyl-based monomers to synthesize a
crosslinked polymeric network. The monomers used in this study are synthesized in house
and

are

referred

to

as

2-phenylphenolmonoacrylate

(2PPMA),

4-

phenylphenolmonoacrylate (4PPMA), and 4,4’-dihydroxybiphenyldiacrylate (44BDA),
respectively. The monomer 4PPMA (referred to as 4-biphenylyl acrylate) and crosslinker
44BDA (referred to as 4,4’-bis(acryloyl)biphenyl) have been previously reported in the
literature and characterized for their mesomorphic behaviour. (Lupinacci, Frosini, and
Magagnini 1980; Wall and Koenig 1997) In this report, these monomers and crosslinker
were used to synthesize unique crosslinked polymers, and we studied the resulting
properties of the crosslinked network and its associated biphenyl interactions. To
synthesize acrylate monomers, we utilized a previously reported method for acrylating
phenolic compounds, to form their respective acrylated molecule. (Tang, Bhandari, et al.
2017; Patil et al. 2017; Tang, Floy, Bhandari, Sunkara, et al. 2017; Baccaredda et al. 1971)
Here, the biphenyl based precursors used are 2-phenylphenol, 4-phenylphenol, and 4,4’dihydroxybiphenyl and were converted to 2PPMA, 4PPMA and 44BDA through acrylation
process. 2PPMA, 4PPMA were used as the monomers, and 44BDA was used as a
crosslinker in the system. These monomers and crosslinker were further characterized by
techniques such as differential scanning calorimetry (DSC) to determine their phase
transition temperatures and nuclear magnetic resonance (NMR) for structural
characterization. Crosslinked polymers were synthesized using these monomers with
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varying crosslinker contents. The crosslinking density and mechanical integrity of the
polymers were characterized using their swelling analysis and compressive modulus
testing.

3.3 Materials and methods
3.3.1

Materials

Precursors 4,4’-dihydroxyphenyl, 4-phenylphenol, 2-phenylphenol, initiator ammonium
persulfate (APS ≥ 98%) and acryloyl chloride were purchased from Sigma-Aldrich
Corporation (St. Louis USA). All organic solvents were purchased from Sigma-Aldrich
and Fischer Scientific (Hampton USA). Chemicals were used as received and without any
further purification.
3.3.2

Synthesis of acrylated biphenyls

Synthesis of acrylated biphenyl was conducted by a method previously reported in the
literature. (Tang, Floy, Bhandari, Sunkara, et al. 2017; Patil et al. 2017; Tang, Bhandari, et
al. 2017) Briefly, biphenyls were functionalized with acrylate groups by performing a
reaction with acryloyl chloride. 10 g of biphenyl was dissolved in 200 mL of
tetrahydrofuran (THF) to give a final concentration of 50 mg/mL. 6.1 mL (1.5 mole
equivalent) of Triethylamine (TEA), which is a tertiary amine and used to abstract the
proton from the hydroxyl group of the precursor, was added to the solution. 3.6 ml (1.5
mole equivalent) of acryloyl chloride, which replaces the hydroxyl group with acrylate
group, was added dropwise to the solution while stirring the mixture in an ice bath. The
amount of TEA and acryloyl chloride added to the solution was 1.5 times the amount of
the hydroxyl groups present in the precursor to ensure that the conversion of hydroxyl
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groups to acrylate groups is almost 100% (Table 3.1). The reaction was allowed to proceed
overnight under ambient conditions. The purification process included numerous steps
beginning with removing any TEA-HCl salt, which precipitated during the reaction, with
vacuum filtration. Further, excess THF was removed through the use of a rotary evaporator.
The solid was then dissolved in dichloromethane (DCM) and washed with 0.1 M
hydrochloric acid (HCl) and 0.1 M potassium carbonate (K2CO3) to remove excess TEA
and excess acryloyl chloride, respectively. Additionally, anhydrous magnesium sulfate
(MgSO4) was added in excess to remove any water present in the solution. Finally, DCM
was evaporated using a rotary evaporator.(Patil et al. 2017) The final products were
obtained as solid for 44BDA and 4PPMA and a viscous liquid for 2PPMA. These products
were stored at -20ᵒC until further use. The 44BDA used in this study was synthesized
previously by our group. (Tang, Floy, Bhandari, Sunkara, et al. 2017) The structures of
monomers, crosslinker and their respective precursors can be seen in Figure 3.1.

Table 3.1: Composition of biphenyls, acryloyl chloride and TEA in initial reaction
mixture
Number of hydroxyl

Acryloyl chloride

groups

(mol)

2-Phenylphenol

1

1.5

1.5

4-Phenylphenol

1

1.5

1.5

4,4’-dihydroxybiphenyl

2

3

3

Biphenyl

TEA (mol)
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Figure 3.1: Structures of precursors (2-phenylphenol, 4-phenylphenol and 4,4’dihydroxybiphenyl), acrylated monomers (2PPMA, 4PPMA) and acrylated crosslinker
(44BDA)

3.3.3

Characterization of monomers and crosslinker

3.3.3.1 Differential Scanning Calorimetry (DSC)
The melting temperature of monomers (2PPMA, 4PPMA), crosslinker (44BDA), and
precursors was measured by DSC (DSC Q200, TA Instruments Inc., New Castle, USA). A
known amount of the compound was added to the t-zero pan and the pan was sealed. The
temperature was ramped up at 5ᵒC/min and the heat required per gram to increase the
temperature was calculated in reference to an empty pan.
3.3.3.2 Nuclear Magnetic Resonance (NMR)
Proton-NMR spectra of the monomers, crosslinker and precursors were obtained from
Varian Gemini NMR 400 MHz spectrometers connected to a Vnmrj software interface. 5
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- 7 mg of the sample was weighed and dissolved into 700 µL of deuterated dimethyl
sulfoxide (DMSO-d6). The solution was then transferred into NMR sample vials and
analyzed for additional structural characterization.
3.3.3.3 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy
(ATR-FTIR)
ATR-FTIR was used to determine the presence of characteristic functional groups in the
monomers as well as the precursors using a Varian 7000e FTIR spectrophotometer. The
samples were placed on a diamond ATR crystal, covered with a glass coverslip, and the IR
spectra was obtained. The spectrum was obtained between 700 and 4000 cm-1 with a
spectral resolution of 8 cm-1 and 16 scans coaddition was used.
3.3.4

Synthesis of crosslinked polymers

Three different concentrations of crosslinked polymeric films (2.5, 5 and 7.5 mol %
crosslinker, 44BDA) were synthesized through free radical polymerization using either
4PPMA or 2PPMA as the monomer. The reaction was carried out using DMSO to dissolve
the monomer and crosslinker. For consistency, it was assumed that total mole to solvent
volume ratio was constant at 4 mmol/mL. Feed compositions are given in Table 3.2.
For a typical synthesis of 4PP97.5, the total number of moles used was 1 mmol.
Accordingly, 7.2 mg of 44BDA and 218.6 mg of 4PPMA were dissolved in 250 µL of
DMSO in a glass vial. A sonication bath was used to ensure complete dissolution of
4PPMA and 44BDA. Initiator, APS, at a concentration of 0.5 g/mL in water was added to
the mixture to comprise 4.0 wt% of the total 44BDA and 4PPMA weight. The reaction
mixture was then pipetted between glass slides with 1 mm Teflon spacers and placed in an
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oven at a temperature of 80 °C for 2 hours. After polymerization, the films were washed
with DMSO to remove any unreacted monomer/crosslinker and eventually cut into small
discs of 3.54 mm diameter using a cork borer. The discs were washed with acetone to
remove DMSO for ease of drying and placed in a vacuum oven at 50 ᵒC and 6 in. Hg
pressure overnight. The thickness of the dried discs was measured to be 0.87 ± 0.01 mm.
Table 3.2: Feed compositions of the polymeric films
Total
Name

Monomer

Monomer

Crosslinker(44BDA)

Total

amount of

(mol %)

(mol %)

mmoles

DMSO
(mL)

4PP97.5

4PPMA

97.5

2.5

1

0.25

4PP95.0

4PPMA

95.0

5.0

1

0.25

4PP92.5

4PPMA

92.5

7.5

1

0.25

2PP97.5

2PPMA

97.5

2.5

1

0.25

2PP95.0

2PPMA

95.0

5.0

1

0.25

2PP92.5

2PPMA

92.5

7.5

1

0.25

3.3.5

Characterization of polymers

3.3.5.1 Swelling studies
Dried films were examined for their swelling properties. The dry mass was measured
before immersing them in 5 mL of the desired solvent for at least 24 hours (determined by
an initial kinetic study) at 25 ᵒC. (Tang, Floy, Bhandari, Sunkara, et al. 2017) The
equilibrium swollen mass was measured after gently wiping the surface solvent from the
film. The swelling ratio (q) is defined as:
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𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 (𝑞) =

*!"#$$%&
*'()

Where Mswollen is the swollen mass of the film after 24 hours and Mdry is the dry mass of the
film after oven drying. Three replicates were completed for each study and the values are
reported with standard deviation.
3.3.5.2 Mechanical Testing
The dry and DMSO-swollen polymer discs were evaluated for their compression modulus
with unconfined compression testing using a BOSE ELF 3300 system, without any initial
preload. Samples were deformed at a rate of 0.003 mm/sec until the sample fractured or
was compressed to 0.4 mm. The compressive moduli correspond to the slope of stress vs.
strain curve up to a strain of 0.15. (Hawkins, Puleo, and Hilt 2011)

3.4 Results and discussion
3.4.1

Characterization of monomers and crosslinker

3.4.1.1 Differential Scanning Calorimetry
DSC was used to calculate the melting temperature of the monomers, crosslinker, and
precursors. DSC thermograms are shown in Figure 3.2, and it can be seen that the melting
peak of the 4PPMA, 2PPMA and 44BDA shifted approximately 100ᵒC lower from their
precursors. This can be attributed to hydrogen bonding occurring in the precursors due to
the presence of hydroxyl groups that are no longer present in the acrylated compounds.
Also, this change can be explained by the presence of bulkier group in the monomers
decreasing the crystal packing. Additionally, it can be seen that the melting peak of
2PPMA, 4PPMA, and 44BDA are -50.0ᵒC, 61.67ᵒC, and 144.65ᵒC indicating that former
one is in a liquid phase whereas the latter two are in a solid phase at room temperature.
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Figure 3.2: Differential scanning calorimetry thermograms showing the melting peak of
the precursors, monomers and crosslinker: a) 2PPMA, b) 4PPMA and c) 44BDA
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3.4.1.2 Nuclear Magnetic Resonance
Proton-NMR was used to confirm the monomer/crosslinker structure and the spectra are
shown in Figure 3.3. DMSO-d6 used contains trimethylsilane (TMS) which was used as a
reference in the NMR spectra. As expected, a hydroxyl peak is present in all three
precursors. Upon acrylation of the precursors, the hydroxyl peak vanished and the peaks
corresponding to alkene hydrogens appeared in monomers/crosslinker spectra. This
confirms that the acrylation reactions proceeded to near 100% completion, forming the
desired monomers and crosslinker. Finally, area under the curve can be correlated to the
number of aromatic hydrogens as well as alkene hydrogen atoms present in the molecule.
As an example, the 2PPMA monomer the ratio of number of aromatic hydrogens to the
+

ratio of number of alkene hydrogens through the molecular structure = , = 3, whereas the
ratio of number of aromatic hydrogens to the ratio of number of alkene hydrogens through
the area under the curve through NMR spectroscopy =

-./0
1.-231.--31.-2

= 3.09. These values

are quite similar helping us to confirm the expected structure (Jeyasheela and Subramanian
2019; Vijayanand et al. 2007; Alberda van Ekenstein, Altena, and Tan 1989).
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Figure 3.3: 1H-NMR spectrum of precursors, monomers and crosslinker a) 2PPMA b)
4PPMA c) 44BDA. (The values below the peak represent area under the curve for that
particular peak, and the values in the bracket represent the hydrogen to which the peak
correspond)
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3.4.1.3 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy
ATR-FTIR analysis was used to determine the functional groups present in the samples.
As seen from Figure 3.4, a peak is observed around ~3400 cm-1 in the precursors which
corresponds to the -OH group that is absent in the monomers indicating high conversion
of the hydroxyl group. There is also a peak observed at ~1735 cm-1 and at ~1640 cm-1 in
the monomers, corresponding to the presence of ester –C=O and alkene functionalities
respectively, which is absent in the precursor suggesting the presence of an acrylate group
only in the monomers (Mizusaki et al. 2017). These results indicate successful conversion
of hydroxyl group to the acrylate group.

Figure 3.4: Representative ATR-FTIR spectra of the monomers in comparison to the
precursors
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3.4.2

Copolymerized film synthesis

A schematic of the crosslinked polymer formed upon reaction of 4PPMA with 44BDA is
presented in Figure 3.5. Due to the limited solubility of 44BDA in DMSO, the maximum
concentration of crosslinker used was 7.5 mol % because in order to incorporate additional
crosslinker (greater than 7.5 mol %), the amount of DMSO required would increase.
However, as the total volume of DMSO needs to be consistent across all variations, the
total amount of DMSO in films with lower crosslinked density (2.5 mol %) increases which
results in a dilution of the solution which prevents film formation for 2.5 mol %

Figure 3.5: Crosslinked network schematics of 4PPMA-co-44BDA polymer
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crosslinking concentration. Thus, the minimum and maximum amount of crosslinker
concentration was maintained at 2.5 mol % and 7.5 mol % respectively.

3.4.3

Characterization of polymers

3.4.3.1 Swelling studies
The swelling response of 4PPMA and 2PPMA films was analyzed in DMSO at 25ᵒC. The
resulting swelling ratios for the films can be seen in Figure 3.6. It is noticed from the graph
that these films do not follow the expected trend of increased crosslinking density leading
to decreased swelling. By doing a one-way ANOVA among the swelling ratio values of
the 2PPMA system and a one-way ANOVA among the swelling ratio values 4PPMA
system, it was shown that there is not a significant difference in the swelling ratios of the
both systems at a = 0.5. This can be attributed to the restriction of the network swelling
due to attraction of the biphenyl side groups induced by pi-pi stacking present between the
polymer chains. It is hypothesized that pi-pi stacking interactions between the biphenyl
groups provide noncovalent crosslinks, as can be seen in Figure 3.7. Such layered
noncovalent interactions are also sometimes referred to as smectic interactions and have
been reported previously (L. Zhang et al. 2015; Gu et al. 2018; Koltzenburg et al. 1998;
Yuan et al. 2015). These smectic interactions have shown to restrict the motion of the
polymer chains in the network, thus minimizing the swelling ratio (Mirčeva, Oman, and
Žigon 1998; Potemkin and Bodrova 2009; Capriz and Napoli 2001). Since the chain
mobility decreased with increasing covalent crosslink density (i.e., increasing 44BDA), the
potential for noncovalent crosslinks decreased with increasing 44BDA. As a result, the
effect of the covalent crosslinker content is minimized which is evident from Figure 3.6. It
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can also be seen from the graph that the 2PPMA films swell more than the 4PPMA films.
We postulate this to be a result of steric hinderance within the biphenyl group of 2PPMA
molecules due to the presence of a bulky group at the ortho position. This prevents a strong
intramolecular interaction to exist within the 2PPMA polymer as compared to 4PPMA,
where the biphenyl groups are expected to be present in a coplanar structure leading to
stronger intramolecular interactions.

Figure 3.6: Swelling studies of 2PPMA and 4PPMA films in DMSO.
Temperature: 25ᵒC. Data were plotted as mean ± standard deviation and 3
measurements were taken for each sample
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Figure 3.7: Proposed intramolecular
interactions between biphenyl side groups
To confirm the presence of the smectic interactions, these systems were swollen in an
aromatic solvent (i.e., toluene), and the results are included in Figure 3.8. For this case, a
higher swelling ratio is observed at the 2.5% crosslinked system for both the 2PPMA and
4PPMA system. It is hypothesized that this aromatic solvent is able to disrupt the noncovalent pi-pi stacking interactions between the biphenyl moieties of the polymer. The
swelling ratios of 5.0 and 7.5 percent of both the 2PPMA and 4PPMA system are not
significantly different, which could result from these systems having less pi-pi stacking
interactions to disrupt due to the higher covalent crosslink density.
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Figure 3.8: Swelling studies of 2PPMA and 4PPMA films in toluene. Temperature: 25ᵒC.
Data were plotted as mean ± standard deviation and 3 measurements were taken for each
sample

The polymer network with the covalent as well as noncovalent interactions are visualized
in Figure 3.9. When the amount of covalent crosslinker is reduced, the polymer chains have
higher mobility and therefore are allowed to interact with each other to a greater extent
through noncovalent interactions. Similarly, if the amount of covalent crosslinker is high,
the mobility of polymer chains is restricted resulting in fewer noncovalent interactions.
Thus, the total effective crosslinks (covalent and noncovalent) were found to be relatively
consistent across these systems, which can be seen from the swelling studies.
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Figure 3.9: Polymer network depicting covalent as well as noncovalent interactions
3.4.3.2 Mechanical Testing
The compressive modulus of the dry and swollen films is shown in Figure 3.10. A
representative stress vs. strain curve is shown in Appendix 8.1. As crosslinking density
increases, there is less free volume available for movement, giving the film higher
compressive strength (Z. Wang, Volinsky, and Gallant 2014; Maitra and Kumar Shukla
2014; Watler, Cholakis, and Sefton 1988; Collins and Birkinshaw 2008; Bryant et al.
2004). A similar trend was also observed in the dry as well as swollen polymeric films
from figure 3.10. The mechanical testing of the swollen film clearly indicated a trend of
increasing compressive modulus with increasing crosslink amount, which was not
observed from the swelling studies. Previous studies have shown that the layered smectic
interactions are affected in the presence of a compressive forces (Gorodetskii, Pikina, and
Podnek 1999), and therefore, the results we obtained were attributed to energy applied to
the system (in this case, mechanical energy) which is able to overcome the relatively weak
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smectic pi-pi stacking interactions minimizing the impact of the noncovalent crosslinks.
Thus, the extent of covalent crosslinking was found to have the expected impact on the
mechanical properties analyzed.

Figure 3.10: Mechanical testing of the swollen films a) 2PPMA, b) 4PPMA and dry
films c) 2PPMA, d) 4PPMA. Data were plotted as mean ± standard deviation and 6
measurements were taken for each sample
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3.5 Conclusions
Crosslinked polymers with biphenyl moieties were successfully synthesized by
crosslinking monomers (i.e., 2PPMA and 4PPMA) with varying amounts of 44BDA. The
successful syntheses of the monomers were confirmed by an observable shift in their
melting peak as compared to their respective precursors, as well as NMR results showing
conversion of biphenyls to their respective acrylated molecules with near 100% efficiency.
Interestingly, swelling studies did not show the expected trend of decreasing swelling ratio
with increasing crosslinker content, while compression testing indicated the expected trend
of increasing modulus with increasing crosslinking density. The unexpected swelling
results are hypothesized to result from the intramolecular interactions between the biphenyl
side groups that result in noncovalent crosslinks. These materials and associated unique
properties are expected to have useful applications in various fields, such as shape memory
polymers, molecular recognition for pollutant removal (e.g., polychlorinated biphenyls)
from the environment.
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4

Development of biphenyl-based polymer systems as next generation
passive samplers
4.1 Abstract

In this study, we have developed polymeric systems consisting biphenyl based polymeric
microparticulates encapsulated in a poly(ethylene glycol) hydrogel. Due to the presence of
biphenyl moieties, these polymer microparticulates can bind aromatic pollutants such as
polychlorinated biphenyls (PCBs) and polyaromatic hydrocarbons (PAHs) through pi-pi
stacking interactions. Therefore, these polymers have been utilized as a passive sampler
for monitoring PCBs and PAHs in real-world sediment samples. Biphenyl based polymers
alongside low density polyethylene (LDPE), which is a commercially used passive sampler
for PCB and PAH monitoring, were deployed in a sediment-water slurry with known PCB
and PAH contaminations. These polymers were then retrieved to analyze the amount of
PCBs and PAHs bound at different time intervals to study the binding kinetics and compare
the equilibrium binding amounts between LDPE and biphenyl based polymers. It was
found that the biphenyl polymeric systems performed better than polyethylene for low
molecular weight systems. These results were attributed to the filtering out of high
molecular weight pollutants by the PEG hydrogel network.
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4.2 Introduction
Polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbons (PAHs) are large
classes of compounds that include some of the most toxic synthetic chemicals
manufactured in the 20th and 21st century. (Vane et al. 2014; Salizzato et al. 1998; Eljarrat
et al. 2001) PCBs are man-made organic compounds that were synthesized and utilized on
a large scale in the 20th century and therefore are present in the environment due to leaks
and improper storage. (Breivik et al. 2002; Dyke, Foan, and Fiedler 2003) PAHs are present
in the environment by both natural and anthropogenic processes due to incomplete
combustion of carbon-based materials. (Gabos et al. 2001; Vergnoux et al. 2011; E.-J. Kim,
Oh, and Chang 2003) Due to their stable nature, PCBs and PAHs do not degrade easily and
once released in the environment can stay there for a long period of time. (Howsam and
Jones 1998; Elangovan et al. 2019) Once they enter the environment, these compounds
have the ability to accumulate in plants and animal tissues, and humans are exposed to
them by consumption of such contaminated plants and animals. (Cui, Mayer, and Gan
2013) Studies have shown that long term exposure to PCBs and PAHs lead to harmful
effects to the nervous system, reproductive system and the immune system. Moreover,
some of these compounds are also labeled as potential carcinogen (White 1986; Steinberg,
Juenger, and Gore 2007; Weisglas-Kuperus 1998) Due to such harmful effects, PCBs were
banned by the EPA in 1979 and since then efficient clean up strategies are being developed
to monitor and eliminate PCBs and PAHs from the environment. (Abdul et al. 1992)
Monitoring these pollutants in the environment, especially in water bodies, has become of
utmost important because of their known hazardous health effects. (Altenburger et al. 2015;
Vrana et al. 2005) PCBs and PAHs are hydrophobic in nature and mainly are found in
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sediments of water bodies, and therefore, knowing the concentration of these pollutants in
sediments is a very crucial step in understanding their mass flow in the water body. Many
methods have been used to monitor organic pollutants, including collecting discrete grabs
of sediment or water to measure their concentration. Such a grab represents only a snapshot
of the total water body, and if the concentration of the pollutant is very low, one might need
to grab a large amount of the sediment/water to accurately measure them. Another method
includes deployment of biota into the water body. The bioaccumulation of these organic
pollutants in the tissues or lipid extract of the organism will represent the true equilibrium
concentration of waterborne contamination. Although this method may give us the true
equilibrium value, the bioaccumulation depends on a number of variables, mainly
metabolism, excretion, and condition of the organism and therefore is not typically reliable.
(Vrana et al. 2005; Kot-Wasik et al. 2007; Zabiegała et al. 2010)
Passive sampling technique can help us overcome these issues. Free flow of analyte
molecule from sampled medium (waterbody/sediment) to a collecting medium (passive
sampler) is the underlining principle on which passive sampling technique works. The free
flow of analyte takes place until an equilibrium is established between the sample medium
and the collecting medium or the free flow is terminated by the removal of the passive
sampler. (Sanders et al. 2020; Ghosh et al. 2014; Górecki and Namieśnik 2002) In any
case, analyzing the passive samplers gives the equilibrium concentration or the time
weighted average concentration of PCBs/PAHs. Passive samplers do not need any source
of electricity, and therefore, they are cheaper to produce and operate. (Pozo et al. 2004;
Vrana et al. 2005) They also analyze the time weighted average concentration, which
provides long-term concentration of the pollutant and are less affected by random
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fluctuations in the pollutant concentrations. Due to the benefits mentioned above, the usage
of passive samplers in monitoring organic pollutants is increasing day by day.
There are a number of passive sampling designs that are currently being utilized and all of
them have one thing in common: a barrier between the sampled medium and the receiving
medium. The barrier determines the rate at which the analyte molecules are transferred as
well as which molecules to target and which one to leave out. Some of the materials widely
used passive sampler systems for hydrophobic organic contaminants are low density
polyethylene (LDPE), polyoxymethylene (POM), and polydimethylsiloxane (PDMS), and
LDPE is a particularly common medium for PCB and PAH monitoring due to its simplicity,
robustness and inexpensiveness. (Stuer-Lauridsen 2005; Ghosh et al. 2014) A schematic
of polyethylene passive sampler deployed at the water-sediment boundary is depicted in
Figure 4.1.

Figure 4.1: Schematics of a film form of passive sampler deployed
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Despite its popularity, LDPE has some drawbacks, including less uptake of low molecular
weight pollutants, folds on itself making it difficult to clean and extract and a large
dependence on octanal-water partition coefficient (Kow) versus temperature.(Vrana et al.
2005; Górecki and Namieśnik 2002)
Hydrophobic polymers with high affinity toward PCBs and PAHs can be utilized to
overcome issues encountered with LDPE. Prior reports suggest that molecules containing
aromatic rings bind to the S2B1 antibody with high affinity due to the presence of aromatic
domains that lead to strong pi-pi stacking interactions. Including aromatic moieties in a
polymer can be used to produce a high affinity adsorbent for binding hydrophobic organic
pollutants like PCBs and PAHs. Therefore, polymers with aromatic moieties can be a good
alternative to LDPE for passive sampling.
Although LDPE being widely used in passive sampling technology, it has some drawbacks.
One drawback is ineffective monitoring of low molecular weight PCBs/PAHs, that is, low
partitioning of low molecular weight pollutants in LDPE (Lohmann 2011). By knowing
the LDPE-water partitioning coefficient (KPE-w) for the different PCBs/PAHs one can find
the relative affinities of PCBs/PAHs towards LDPE. KPE-w values can be calculated from
octanol-water partitioning coefficient (Kow) from the following equations (Ghosh et al.
2014).
𝑃𝐶𝐵𝑠: 𝑙𝑜𝑔𝐾4567 = 1.18 ∗ 𝑙𝑜𝑔𝐾#" − 1.26
𝑃𝐴𝐻𝑠: 𝑙𝑜𝑔𝐾4567 = 1.22 ∗ 𝑙𝑜𝑔𝐾#" − 1.36
For PCBs it is known that as the molecular weight increases, that is, as the number of
chlorine atom increases, the octanol water partitioning coefficient (Kow) increases. A
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similar trend is observed for the different PAHs as well (increasing Kow with increasing
molecular weight) (Kow values for PCBs and PAHs represented in Figure 8.2 and 8.3 of the
Appendix). Additionally, these above-mentioned equations indicate that as Kow increases,
KPE-w also increases. Therefore, LDPE binds a relatively small amount of lower molecular
weight PCBs/PAHs as compared to higher molecular weight pollutants. Thus, the amount
of low molecular weight pollutants bound on LDPE during passive sampling can be very
small making this technique ineffective in monitoring them when they are below the limit
of detection. (Vrana et al. 2005; Górecki and Namieśnik 2002). Therefore, developing
polymers with biphenyl moieties can aid in binding these low molecular weight pollutants
effectively due to the presence of pi-pi stacking interactions and increase the monitoring
accuracy of these pollutants.
Another drawback with using LDPE is loading of performance reference compounds
(PRC) before sampling. Performance reference compounds (PRCs) are often added to
passive samplers prior to field deployments to provide information about mass transfer
kinetics between the sampled environment and the passive sampler. These compounds are
added and analyzed to correct for non-equilibrium applications. The loading of PRCs onto
LDPE takes about 30 days which is long relative to the typical deployment life as passive
sampler (Ghosh et al. 2014). Developing a passive sampler that will altogether remove the
step of adding PRCs would make this technology even more attractive. This can be
achieved by synthesizing composite materials with increased surface area, which can result
in reaching the equilibrium faster.
In this report, we have incorporated previously prepared polymers containing an aromatic
moiety (i.e., biphenyl) as microparticulates within a poly(ethylene glycol) (PEG)
61

hydrogel.(R. Shah et al. 2020) We have incorporated the systems with biphenyl moiety in
the PEG matrix and the schematic representation of the polymer matrix is shown in the
Figure 4.2. The monomers used in this study are shown in Figure 4.3. The PEG systems
were used to monitor PCBs and PAHs in sediments from Middle river near Baltimore, MD
whose PCB and PAH content was known through prior studies. (Gomez-Eyles and Ghosh
2018) We studied the kinetic binding as well as equilibrium binding of PCBs and PAHs of
the biphenyl polymer system and compared it with kinetic and equilibrium binding of
LDPE.
Biphenyl polymer
microparticulates

Biphenyl moieties in the
polymer microparticulates

PCB representation

PAH representation

Figure 4.2: Schematics of the biphenyl polymer microparticulates inside the PEG matrix
on the left-hand side. On the right, the representation of the biphenyl moieties in the
polymer microparticulates which will be utilized to adsorb PCBs as well as PAHs through
pi-pi stacking interaction between the aromatic rings (represented in yellow circle)

Figure 4.3: Structures of the monomers and polymers used in this study
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4.3 Materials and methods
4.3.1

Materials

Polyethylene glycol diacrylate (Mw ~ 400) (PEG400DA) used in the study was purchased
from Polysciences. All the organic solvents used were purchased from Fischer Scientific
(Rockville, Maryland). Hexane and acetone were pesticide grade, anhydrous sodium
sulfate was American Chemical Society (ACS) grade, silica gel was 644 or 923 grade and
copper powder was laboratory grade. LDPE used here is obtained from hardware store
(drop cloth or plastic tarp material with the thickness of 51 µm.
4.3.2

Preparation of polymers

The biphenyl polymers utilized in this report were synthesized previously by our group.
Briefly,

we

(2PPMA),

synthesized

biphenyl-based

4-phenylphenolmonoacrylate

monomers
(4PPMA)

2-phenylphenolmonoacrylate
and

crosslinker

4,4’-

dihydroxybiphenyldiacrylate (44BDA). The associated polymers were synthesized by
mixing equivalent amount of monomers 2PPMA or 4PPMA with crosslinker 44BDA in
DMSO and adding ammonium persulfate (APS) as the initiator. Free radical
polymerization through thermal initiation was used to synthesize the polymers. In this
study we utilized the 97.5:2.5 of the 2PPMA:44BDA and 4PPMA:44BDA for our study.
These polymers were grinded into microparticulates with a biopulverizer. 100 ul of
PEG400DA was added to a shell vial to which 300 ul of dimethyl sulfoxide (DMSO) was
added to dissolve the PEG400DA. To this mixture, 50 mg of desired polymer
microparticulates (2PP 2.5/4PP 2.5) were added, and the mixture was sonicated for 15
minutes to form a uniform suspension. Initiator, APS, at an aqueous concentration of 0.5
g/mL was added to the final mixture to comprise 4.0 weight% of the total PEG400DA
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weight. The reaction mixture was then capped with a rubber stopper and nitrogen was
bubbled through the mixture for 1 minute to remove any unwanted oxygen dissolved into
the reaction mixture or in the headspace of the shell vial. The shell vial was then placed
into an oven at 80oC for 1 hour. The disk-shaped polymer was then removed from the shell
vial and washed with water for 48 hours to remove any unreacted monomer. After washing,
the polymers were stored in a 20 ml vial filled with water at room temperature until further
use. The formed polymers were named as PEG2PP and PEG4PP.
Low-density polyethylene was purchased from hardware/painting stores in large sheets
(e.g., drop cloth or plastic tarp material) with thicknesses of 51 μm. The sheet was cut into
squares (side length 3.2 cm) and was prepared in the following way. First, the sampling
squares were washed by placing them in a jar of clean hexane/acetone (1∶1 volume) and
shaken gently for at least 12 h. Side length of 3.2 cm was chosen as to get the final weight
of individual piece as ~ 50 mg. These LDPE pieces were stored in a jar at room temperature
until further use.
4.3.3

Swelling study

The biphenyl-based polymers were first dried in a vacuum oven at 6 inHg pressure and
50°C overnight. Dried LDPE as well as dried biphenyl-based polymers were examined for
their swelling properties in water and hexane. The dry mass was measured before
immersing them in 20 mL of the desired solvent for 24 hours at 25°C. The equilibrium
swollen mass was measured after gently wiping the surface solvent from the film. The
swelling ratio (q) is defined as:
𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 (𝑞) =
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Where Mswollen is the swollen mass of the film after 24 hours and Mdry is the dry mass of the
film after oven drying. Three replicates were completed for each study and the values are
reported with standard deviation
4.3.4

Sediments

Sediments used in this experiment were collected and studied before by Gomez-Eyles and
Ghosh in their report. (Gomez-Eyles and Ghosh 2018) Here, we used the SD-153 labelled
sediment sample for our experiments. The sediments were collected from an estuarine
location in Dark Head Cove, Middle River, a PCB-impacted site in Maryland. The total
concentration of PCBs as well as PAHs present in these samples was determined by
Gomes-Eyles and Ghosh which were 6.2 mg/kg and 8.0 mg/kg respectively. The
concentration of individual PCB homologs and different PAHs in the sediments are
represented in Appendix 8.2.
4.3.5

Slurry reparation

The amount of sediment to be used was calculated using the equation mentioned in this
report. (Ghosh et al. 2014)

𝑀! 𝐾!$
1
∗
=
𝑀"# 𝐾"# 100
Where, Mp is the polymer mass, Moc is the mass of sediment organic carbon, Kpw is the
polymer to water partitioning coefficient and Koc is the organic carbon to water partitioning
coefficient. After knowing the mass of the sediment to be added, a sediment slurry was
prepared where total amount of sediment corresponded to 20% weight and the rest 80%
was comprised of water. Two jars were prepared with same slurry content among which
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one of the jars was used for kinetic binding study and the other one was used for
equilibrium binding study. Before adding the samplers, one week of time was given for an
equilibrium to be established between the concentration of the pollutants in the sediment
and water. After that, the samplers were added to the jars and the jars were stored on a
horizontal roller to facilitate mixing.
4.3.6

Sample deployment and retrieval

The samples were deployed in the slurry for the desired number of days and were retrieved
after that for analyzing the PCB/PAH contents in them. Table 1 describes the samplers and
the time for which each of them for kinetic and equilibrium binding studies.

Table 4.1: Deployment and retrieval of samplers for kinetic and equilibrium binding
study
Number of
Polymer

Samplers deployed

Kinetic Binding
Study

Equilibrium
Binding Study

Retrieval

in the slurry
LDPE

5

1 sampler per week

PEG4PP

5

for 5 weeks

LDPE

2

PEG2PP

2

PEG4PP

2
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All samplers retrieved
after 5 weeks

4.3.7

Binding studies

4.3.7.1 Kinetic binding study
A kinetic binding study of PCB was done to assess the time it takes for the PEG4PP and
LDPEs to bind PCBs until it reaches equilibrium. For this, 5 LDPE samplers as well as 5
PEG4PP (PEG4PP was used as a model polymer for studying the kinetic binding studies)
polymers were deployed in the one of the jars containing the slurry. 1 LDPE as well as 1
PEG4PP were retrieved each week for next 5 weeks and were analyzed for the amount of
PCBs bound on them. PCBs were grouped as their homologs during data representation.
4.3.7.2 Equilibrium binding study
An equilibrium binding study of PCB and PAHs was done to assess the binding efficacy
of PEG2PP, PEG4PP and compared with LDPEs. The samplers LDPE, PEG4PP, PEG2PP
were deployed in the jar containing the slurry and were let to equilibrate for 4 weeks. All
the samplers were retrieved after 4 weeks and were analyzed for the amount of PCBs and
PAHs bound on them. PCBs were grouped as their homologs during data representation.
4.3.8

Analytical methods

Once the samplers were retrieved, they were extracted with hexane in the presence of
sodium sulphate to remove any water residues. Extracts were treated with activated copper
powder to remove sulfur interference following USEPA SW-846 method 3660B. Activated
copper was also added directly to wet sediment samples and mixed with a glass stir rod
prior to extraction to ad- dress extensive sulfur interference. All extracts were subjected to
a cleanup step in deactivated silica gel columns following USEPA SW-846 Method 3630C.
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All PCB samples were analyzed by gas chromatography with electron capture detection
(Agilent 6890N) with a fused silica capillary column: Rtx-5MS, 60 m × 0.25 mm inner
diameter, 0.25-μm film thickness from Restek, Bellefonte, Pennsylvania) according to an
adapted version of USEPA SW-846 Method 8082A described by this report. (Beckingham
and Ghosh 2011) A total of 91 congeners or coeluting congener groups were quantified.
PCB BZ-30 and 204 were used as internal standards. PCB BZ-14 and 65 were added as
surrogates prior to all sample extractions to assess loss during processing. (Eli et al. 2020)
PAH analysis of the extracts were performed on an Agilent gas chromatograph (Model
6890) with a fused silica capillary column (HP-5, 30 m x 0.25 mm i.d.) and a mass
spectrometer detector was used for analysis of PAHs based on EPA method 8270. A
standard mixture of 16 EPA-priority pollutant PAH compounds obtained from Ultra
Scientific was used for calibration. 1-fluoronapthalene, deuterated-p-terphenyl, deuterated
benzo(a) pyrene and deuterated dibenzo(a,h) anthracene were used as internal standards. A
fresh 5-point calibration was performed for every sample batch (r2 > 0.95 for every PAH).
(Jalalizadeh and Ghosh 2016)
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4.4 Results and discussion
4.4.1

Characterization of the polymers

4.4.1.1 Swelling studies
The swelling properties of LDPE as well as the biphenyl based polymeric systems were
studied in water and hexane. The results are shown in Figure 4.4. It is clear from the results
that the biphenyl-based polymers swell significantly more in water as compared to LDPE
which could aid in binding of PCBs/PAHs from water onto the polymer. It can also be seen
that the swelling of biphenyl-based polymers in hexane is significantly less than that of

Figure 4.4: Swelling study of the polymers in water and hexane
69

LDPE and therefore extraction of the pollutants could be an issue while using hexane
solvent for extraction. (Padmavathi and Chatterji 1996; Rusina et al. 2007).
4.4.2

Binding results

4.4.2.1 Kinetic binding results
The kinetic binding of PCB homologs on the PEG4PP as well as LDPE is represented in
Figure 4.5 (only the di, tri, tetra, penta, hexa and hepta homologs have been shown in the
figure). It can be seen from the graph that there is an increased uptake of PCBs by the
polymers until approximately 2 to 3 weeks after which the bound PCB amount remains
constant. Based on these results, the deployment time was chosen to be 5 weeks for the
equilibrium binding study to ensure all systems had reached equilibrium.

Figure 4.5: Kinetic binding study for (a) PEG4PP polymer and (b) LDPE polymer

4.4.2.2 Equilibrium binding study
Figures 4.6 and 4.7 represents the equilibrium binding of PCBs and PAHs in ng/g of the
polymer respectively. From Figure 4.6, it can be seen that although equilibrium binding

70

amount of most homologs of PCBs is higher in the case of LDPE as compared to the
biphenyl-based polymers, the biphenyl-based polymers tend to bind a higher amount for
lower molecular weight system (i.e., mono, di and tri chlorinated PCBs) as compared to
LDPE. This increased binding of lower molecular weight species is also observed in the
PAH binding study (Figure 4.7) (Structures of PAHs are represented in Figure 8.3 of the
Appendix). The x axis of Figure 4.7 includes different PAHs with increasing molecular
weight as one goes from left to right. It is clear from the figure that the equilibrium binding
amount of the lower molecular weight PAHs on biphenyl-based polymers is higher as
compared to their equilibrium binding amount on LDPE. It is hypothesized that the lower
binding of the higher molecular weight compounds in the biphenyl-based systems is
attributed to mesh of the PEG hydrogel allowing lower molecular weight compounds to
transport into the network and bind to the biphenyl based polymeric microparticulates. The
schematic representation of the binding mechanism and filtering out of higher molecular
weight system is shown in the Figure 4.8.
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Figure 4.7: Bar graph representing equilibrium binding amount of different PCB
homologs on the respective polymers. Molecular weight of the pollutants increases as
one goes from left to right on the x axis

Figure 4.6: Bar graph representing equilibrium binding amount of different PAHs on
the respective polymers. Molecular weight of the pollutants increases as one goes from
left to right on the x axis
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By calculating the transition point (dashed lines in Figure 4.6 and 4.7) of hydrodynamic
size from solvent accessible volume of PCBs and PAHs, it was found that the
hydrodynamic size below which the pollutants could penetrate into the network was around
11 Å (Refer Appendix 8.2). And literature supports that the mesh size of PEG400DA
crosslinked hydrogel is around 8.5 Å. (O’Donnell, Boyd, and Meenan 2019; Datta 2007)
These two values are close enough to support our hypothesis that only low molecular
weight pollutants can penetrate inside the network.
It can also be seen from Figures 4.6 and 4.7 that the PEG4PP system almost always
outperforms the PEG2PP system which can be attributed to the coplanar nature of the
4PPMA system. The 4PPMA molecule being planar in nature can help stacking of PCBs
on it with much ease as compared to 2PPMA system which is non coplanar in nature.
Crosslinked PEG mesh

Represents low molecular
weight pollutants
Represents high molecular
weight pollutants

Biphenyl based polymers
uniformly suspended in PEG
based network

Figure 4.8: Schematics representation of how the transport of high molecular weight
pollutants depend on the size of the PEGDA matrix
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The ratio of bound concentration of PAHs (Figure 4.7) to their initial concentration (Figure
8.5) is represented in Figure 4.9. It can be seen from the Figure 4.9 that biphenyl-based
polymers have some preference in binding acenaphthylene, acenaphthene, fluorene and
anthracene as compared to polyethylene (PAHs with low Kow values). The preferential
binding of low molecular weight pollutants can be attributed to the presence of pi-pi
stacking interaction and them being lower in size eases the binding process.

Figure 4.8: Mass bound/initial concentration of different PAHs
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4.5 Conclusions
In conclusion, we successfully synthesized biphenyl polymers incorporated in a PEGDA
matrix. Swelling properties of these polymers were studied to get an insight in the
polymeric network. Once these polymers were characterized, they were used as a
comparison to LDPE, which is the gold standard of passive sampling techniques. Through
the kinetic and equilibrium binding studies, it can be inferred that the PEG2PP and PEG4PP
are able to bind a high amount of low molecular weight.
These polymer composites show a lot of promise as the next generation of passive samplers
due to the utilization of pi-pi stacking interactions as the binding mechanism rather than
just hydrophobic interactions. If the upcoming research steps are targeted towards
betterment of these first-generation materials, especially focusing on attaining a much
faster equilibrium time, these materials can improve the accuracy and processing times for
monitoring PCBs and PAHs.
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5

DEVELOPMENT
POLYMERIC

OF

GELS

TEMPERATURE
WITH

RESPONSIVE

INTERMOLECULAR

PI-PI

INTERACTIONS ACTING AS A PHYSICAL CROSSLINKING
SITE
5.1 Abstract
Poly(N-isopropylacrylamide) PNIPAAm was polymerized with co-monomers containing
a biphenyl moiety to create a unique thermoresponsive physically crosslinked system due
to the presence of pi-pi interactions between the biphenyl moieties. The biphenyl
monomers used were 2-phenylphenol monoacrylate (2PPMA) and 4-phenylphenol
monoacrylate (4PPMA). These monomers were utilized to synthesize a set of polymers
with biphenyl monomer (2PPMA/4PPMA) content from 2.5 to 7.5 mole percent and with
initiator concentrations from 0.1 and 1.0 weight percent. The resulting polymers were
characterized by various techniques, such as gel permeation chromatography (GPC),
swelling studies and mechanical testing. The decrease in the average molecular weight of
the polymers due to the increase in the concentration of initiator was confirmed by GPC
results. Swelling studies confirmed the expected temperature dependent swelling
properties and explored the impact of the biphenyl comonomers. The results from the
mechanical tests also depict the effect of the concentration of biphenyl comonomers. These
physically crosslinked polymeric systems with their unique properties have potential
applications spanning environmental remediation/sensing, biomedicine, etc.
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5.2 Introduction
Stimuli responsive materials respond to an external stimulus (i.e., heat, pH, magnetic field,
electric field, light, ionic strength, etc.) by changing their configuration or physical
properties. (Roy, Cambre, and Sumerlin 2010; R. A. Shah, Frazar, and Hilt 2020; Hoffman
and

Stayton

2007)

Temperature

responsive

polymers,

specifically

poly(N-

isopropylacrylamide) (PNIPAAm), are one of the most widely studied stimuli responsive
materials. (Frazar et al. 2020; Echeverria et al. 2018; Stoltz and Brazel 2003; KABRA and
GEHRKE 1991; Bikram and West 2008) PNIPAAm is responsive to temperature changes
due to the sharp phase transition at its lower critical solution temperature (LCST) (~32ᵒC).
Below the LCST, PNIPAAm is hydrophilic in nature and therefore dissolves in water; as
one increases the temperature (above LCST), it turns hydrophobic, precipitating out in an
aqueous solution due to a coil-to-globule-to-aggregate transition. Studies have shown this
transition is due to the interruption in hydrogen bonding as well as the increase in
hydrophobic interaction between the polymer chains as temperature increases, which
causes the polymer to precipitate in water. (Podewitz et al. 2019; Tavagnacco, Zaccarelli,
and Chiessi 2020; Shibayama, Morimoto, and Nomura 1994; Rice 2006; Fujishige,
Kubota, and Ando 1989; Jun Zhang and Peng 2017; Peppas et al. 2006; Jones and Lyon
2000; J. Wang et al. 2001; Liechty, Scheuerle, and Peppas 2013) Due to this temperature
responsive property, polymers with NIPAAm have been used in various applications such
as drug delivery, pollutant capture, tissue engineering, etc. (Chilkoti et al. 2002; Atta et al.
2015; Gong, Li, Ma, et al. 2016; Stile and Healy 2002; Wu et al. 2018; Stile et al. 2004;
Brazel and Peppas 1995; Brazel 2009; Klouda and Mikos 2008; Kretlow, Klouda, and
Mikos 2007)
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Multi-functional PNIPAAm systems based on copolymerization of PNIPAAm with
various other functional comonomers have been widely used in the above-mentioned
applications. (Yu et al. 2012; X. Z. Zhang, Wu, and Chu 2004; J. Zhou et al. 2017;
Schmaljohann et al. 2003; Frimpong and Hilt 2008; N. Satarkar, Biswal, and Hilt 2010;
Tang, Bhandari, et al. 2017; N. S. Satarkar and Hilt 2008) Copolymerizing NIPAAm with
a comonomer leads to an additional functionality of the system as well as alteration of the
LCST. In previous studies, it has been shown that incorporating a hydrophilic comonomer
increases the LCST, whereas the incorporation of hydrophobic comonomers decreases it.
(Takeda et al. 2004; R. Xu et al. 2019; Xue and Hamley 2002; Feil et al. 1993; Gan and
Lyon 2001; Yin, Hoffman, and Stayton 2006; Frimpong, Fraser, and Hilt 2007; Meenach
et al. 2009)
Crosslinked PNIPAAm forms a temperature responsive hydrogel, which exhibit greater
swelling in water at temperatures below the LCST and minimal swelling at temperatures
above the LCST. (X.-Z. Zhang, Wu, and Chu 2003; Panda et al. 2000; Jing Zhang and
Peppas 2000; Brazel and Peppas 1996; Tang, Floy, Bhandari, Dziubla, et al. 2017)
Crosslinkers can be classified as either chemical crosslinkers or physical crosslinkers.
Chemical crosslinkers form a covalent bond between NIPAAm chains in the system, and
these bonds entail strong interactions and are suitable when an irreversible system is
desired. Physical crosslinkers lead to potentially reversible interactions between the
NIPAAm chains such as hydrogen bonding, hydrophobic interactions, ionic interactions,
etc. (Hennink and van Nostrum 2012; J. Xu et al. 2018; Maitra and Kumar Shukla 2014;
Nayak and Lyon 2005) These physically crosslinked systems can be preferred for situations
where the reversibility of the crosslinking is used for processing or application of the
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material. An example of a functional moiety that can act as a physical crosslinker is a
biphenyl ring. Biphenyl groups are known to have mesogenic properties that can be used
to form liquid crystalline polymers with nematic, smectic and cholesteric phases, and these
rings can possess a physical interaction between them in the form of pi-pi stacking
interactions (as shown in Figure 5.1) which allows intermolecular interactions between
multiple chains of PNIPAAm resulting in a physically crosslinked structure. (Su 1993; S.
I. Kim et al. 1999; Allcock and Kim 1990; R. Shah et al. 2020)
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N

Figure 5.1: pi-pi interactions acting as a
crosslinker between 2 PNIPAAm growing
chains

Figure 5.2: Structures of the monomers used. (a) N-isopropylacrylamide
(NIPAAm), (b) 2-phenylphenolmonoacrylate (2PPMA), (c) 4phenylphenolmonoacrylate (4PPMA).

5.3 Materials and methods
5.3.1

Materials

The monomer N-isopropylacrylamide (NIPAAm) and initiator ammonium persulfate
(APS) were purchased from Sigma-Aldrich Corporation (St. Louis USA). All organic
solvents were purchased from Sigma-Aldrich and Fisher Scientific (Hampton USA).
Chemicals were used as received and without any further purification. No commercial
comonomers were used in this work; 2PPMA and 4PPMA were used as comonomers. Both
2PPMA and 4PPMA were prepared in house and have the biphenyl functionality necessary
to provide non-covalent crosslinked network with NIPAAm.
5.3.2

Preparation of non-covalently crosslinked hydrogels

The comonomers 2PPMA and 4PPMA used in this report have been previously synthesized
by our group and the synthesis procedure is reported in the literature. In brief, 2phenylphenol and 4-phenylphenol were reacted with acryloyl chloride which resulted in a
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conversion of the hydroxyl group to acrylate group forming 2PPMA and 4PPMA
respectively.(R. Shah et al. 2020)
Three different ratios (2.5, 5.0 and 7.5 mol %) of the biphenyl comonomer (2PPMA and
4PPMA) with NIPAAm were polymerized through free radical polymerization. The
initiator amount was also varied in the system (0.1 and 1.0 % of the total polymer mass).
The reaction was carried out with dimethylsulfoxide (DMSO) as the solvent. For
consistency, the total moles of monomers to the volume of DMSO was kept constant at 2.5
mmol/ml. Feed compositions are given in Table 5.1.
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Table 5.1: Feed compositions and the nomenclature of the polymeric films utilized in this
study
System

Comonomer

APS (wt.

NIPAAm

Comonomer

%)

(mole %)

(mole %)

97.5

2.5

2PP 0.1_2.5

95.0

5.0

2PP 0.1_5.0

92.5

7.5

2PP 0.1_7.5

97.5

2.5

2PP 1.0_2.5

95.0

5.0

2PP 1.0_5.0

92.5

7.5

2PP 1.0_7.5

97.5

2.5

4PP 0.1_2.5

95.0

5.0

4PP 0.1_5.0

92.5

7.5

4PP 0.1_7.5

97.5

2.5

4PP 1.0_2.5

95.0

5.0

4PP 1.0_5.0

92.5

7.5

4PP 1.0_7.5

0.1

NIPAAm:2PPMA

2PPMA

1.0

0.1

NIPAAm:4PPMA

Name

4PPMA

1.0
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For a typical system of 2PP_2.5_0.1, the total number of moles (NIPAAm and 2PPMA)
used are 2.5 mmol. Accordingly, 275.4 mg of NIPAAm with 14 mg of 2PPMA was added
to 1 ml DMSO and dissolved to prepare a uniform solution. An aqueous solution of initiator
APS at 0.05 g/mL (0.5 g/mL for 1.0% APS systems) was added to the mixture to comprise
of 0.1 wt.% of total combined weight of NIPAAm and 2PPMA. The reaction mixture was
then pipetted into a shell vial (15mm*45mm) and nitrogen was bubbled through the
solution to promote an inert environment in the vial headspace. The vial was kept in an
80ᵒC water bath for an hour. After removing it from the water bath, the viscous polymer
solution was pipetted out drop by drop using a repetitive pipette (for a consistent droplet
size) into a beaker containing DI water at 20°C. Upon addition to water, these droplets
instantly precipitated out resulting in spherical beads. The distance between the tip of the
pipette and the water surface in which the droplet was precipitated was kept approximately
5 inches to get a consistent shape of the bead. These polymeric beads were then washed
with DI water for 48 hours to remove any unreacted monomer and after the wash process,
half of the beads were stored in DI water in a 20 ml vial at 20°C until further use (labelled
as Group 1) and the remaining beads were dried in a vacuum oven at 50°C and 6 inHg
pressure overnight (labelled as Group 2).
5.3.3

Characterization of polymers

5.3.3.1 Molecular weight measurements
GPC was used to determine the molecular weight of the synthesized polymers in a
Shimadzu Prominence LC-20 AB HPLC system installed with a Waters 2410 refractive
index detector. A Polargel-M 300x7.5 mm 8µm column (Agilent) was used for separation.
The linear range of calibration for molecular weight determination was from 1,840 DA to
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2,210,000 DA of polymethylmethacrylate (PMMA) standards (Agilent). A set of
polymeric beads from Group 1 were dissolved in DMSO at 5-7 mg/ml and passed through
the GPC for determination of the molecular weight. Five replicates were completed for
each polymeric system and the values are reported with their respective standard deviation.
5.3.3.2 Temperature responsive swelling studies
A set of 5 polymeric beads of each system from the Group 1 were examined for their
swelling properties while varying the temperature. These beads were added to a 4 ml vial
with DI water, and the vial was kept in a water bath, varying the temperature from 15ᵒC to
50ᵒC with increments of 5ᵒC per 24 hrs. At each 5ᵒC increment the swollen mass was
measured. After reaching 50ᵒC, the films were dried in a vacuum oven at 50ᵒC and 6inHg
pressure overnight, after which the dry weight could be recorded. The swelling ratio was
given by:
𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 (𝑞) =

𝑀!"#$$%&
𝑀'()

where Mswollen is the swollen mass of the bead at a particular temperature and Mdry is the
dry mass of that bead. Five replicates were completed for each polymeric system and the
values are reported with their respective standard deviation.
5.3.3.3 Reversible swelling studies
Pulsatile temperature change was used for reversible swelling studies. The gels from Group
1 were first added to a 4 ml vial with DI water and the vial was placed in a 15ᵒC water bath
and allowed to swell until they reached equilibrium (24 hours). At this point, they were
measured for their equilibrium swelling ratio. After this, the vial was then quickly
transferred to a 50ᵒC water bath and allowed to deswell until they reached equilibrium (24
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hours), and the swelling ratio was recorded. After this, they were again transferred back to
the 15ᵒC water bath. This cycle was repeated five times, measuring the swelling ratio at
each step. After 5 cycles of pulsatile temperature change the beads were dried in a vacuum
oven at 50ᵒC and 6inHg pressure overnight, and the dried weight was recorded. The
swelling ratio was given by:
𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 (𝑞) =

𝑀!"#$$%&
𝑀'()

where Mswollen is the swollen mass of the bead at a particular temperature and Mdry is the
dried mass of that bead. Five replicates were completed for each polymeric system and the
values are reported with their respective standard deviation.
5.3.3.4 Kinetic swelling studies of dried polymers
A set of 5 dried polymeric beads of each system from the Group 2 were examined for their
kinetic swelling properties at 15°C. These dried beads were added to a 4 ml vial with DI
water, and the vial was kept in a water bath at 15°C, and the swelling ratio was measured
at 24 hours interval for next 10 days. The films were then dried again in a vacuum oven at
50ᵒC and 6inHg pressure overnight, after which the dry weight could be recorded. The
swelling ratio was given by:
𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 (𝑞) =

𝑀!"#$$%&
𝑀'()

where Mswollen is the swollen mass of the bead at a particular temperature and Mdry is the
dry mass of that bead after the kinetic swelling study was completed. Five replicates were
completed for each polymeric system and the values are reported with their respective
standard deviation.
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5.3.3.5 Mechanical testing
The polymeric beads were evaluated for their compression modulus with unconfined
compression testing using a BOSE ELF 3300 system without any initial preload. A set of
5 beads for each polymer from Group 1 were deformed at a rate of 0.005 mm/sec until the
polymer fractured or was compressed to 1.5 mm. The polymeric beads were spherical in
nature and therefore the stress and strain data were calculated by the analysis described by
Barbe et al.(David et al. 2006) The compressive moduli correspond to the slope of stress
vs. strain curve up to a strain of 0.2. Five replicates were completed for each polymeric
system and the values are reported with their respective standard deviation.

5.4 Results and discussion
5.4.1

Non-covalently crosslinked hydrogel synthesis

The reaction of NIPAAm with the biphenyl comonomer in DMSO after the addition of
APS took place in a nitrogen environment at 80ᵒC. After the reaction, the solution was a
viscous liquid which was then pipetted out and added drop by drop to DI water. Upon
contact with water, these drops precipitated out instantly forming a spherical polymer bead.
The formation of spherical polymer beads leads to the conclusion that the system forms an
insoluble solid in water, which was hypothesized to be a result of the pi- pi interactions
between the biphenyl moieties that act as a non-covalent crosslinking site. A schematic of
the non-covalently crosslinked polymeric hydrogels can be seen in Figure 5.3.
The presence of these reversible non-covalent interactions was confirmed by a dissolution
test in DMSO. A set of 2 beads from each system was added to DMSO in a vial and kept
on an orbital shaker for 15 minutes under observation. After 15 minutes, it was observed
that these beads completely dissolved in DMSO confirming the presence of non-covalent
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interactions. These beads dissolved in DMSO due to the disruption of non-covalent pi-pi
interactions in the presence of a good solvent for the biphenyl moiety. This effect is shown
in Figure 5.4.
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physical interactions
between biphenyl moieties

PNIPAAm
Figure 5.3: Schematics of physically crosslinked polymeric hydrogels. Black lines
represent the PNIPAAm chains while the blue lines represent the biphenyl pi-pi
interactions.
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Figure 5.4: Dissolution test of 2PP_2.5_0.1 system. (a) Undissolved polymer in water
at 25oC confirming the presence of a physically crosslinked structure (b) Dissolved
polymer in DMSO at 25oC after 15 minutes of agitation confirming the disruption of
the physical

5.4.2

Characterization of polymers

5.4.2.1 Molecular weight measurements
GPC was used to determine the molecular weight distribution of the polymers. Figure 5.5
depicts weight-average molecular weights for synthesized polymers. A representative GPC
chromatogram is shown in Appendix 8.3. As expected, the average molecular weight
decreased with increasing APS content from 0.1 to 1.0 percent.(Ander 1970) Table 5.2
shows the weight-average molecular weight, number-average molecular weight and
polydispersity index (PDI) for individual polymers. High PDI’s are obtained for the
synthesized polymers which can be related to uncontrolled free radical polymerization
which leads to formation of a broad range of molecular weights.(Aqil et al. 2008; Xia et al.
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2005; Von Der Ehe et al. 2013; Masci, Giacomelli, and Crescenzi 2004) It can also be seen
from the figure that the weight-average molecular weight of the polymers decrease as the
amount of biphenyl monomer increases, which is likely the result of a lower reactivity of
the biphenyl monomers as compared to NIPAAm resulting in the formation of shorter
chains with an increase in the amount of biphenyl monomer.

Figure 5.5: Molecular Weight of the polymers calculated by GPC. (a) NIPAAM:2PPMA
system and (b) NIPAAm: 4PPMA system. Data were plotted as mean ± standard deviation
and 3 measurements were taken for each sample
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Table 5.2: Number-average molecular weight, weight-average molecular weight as well
as PDI of the NIPAAm:2PPMA/NIPAAm:4PPMA polymeric systems
NumberPolymer

Comonomer

APS
content

Comonomer

average

mole

molecular

percentage

weight
(g/mol)

PNIPAAm

Weightaverage
Polydispersity
molecular

index (PDI)

weight
(g/mol)

0.1

0.0

493,300

1,406,000

2.85

1.0

0.0

400,200

1,090,000

2.72

2PP 0.1_2.5

0.1

2.5

122,800

374,100

3.05

2PP 0.1_5.0

0.1

5.0

68,300

267,000

3.91

0.1

7.5

74,200

267,000

3.60

1.0

2.5

82,100

296,100

3.61

2PP 1.0_5.0

1.0

5.0

63,400

188,400

2.97

2PP 1.0_7.5

1.0

7.5

41,800

149,000

3.56

4PP 0.1_2.5

0.1

2.5

267,400

550,700

2.06

4PP 0.1_5.0

0.1

5.0

186,800

467,300

2.50

0.1

7.5

143,700

414,200

2.88

1.0

2.5

256,600

414,300

1.61

4PP 1.0_5.0

1.0

5.0

146,700

339,000

2.31

4PP 1.0_7.5

1.0

7.5

94,600

279,100

2.95

0.1
PNIPAAm

-

1.0

2PP 0.1_7.5
2PP 1.0_2.5

4PP 0.1_7.5
4PP 1.0_2.5

2PPMA

4PPMA

5.4.2.2 Temperature responsive swelling studies
The temperature responsive swelling studies of the polymers were conducted in water from
15ᵒC to 50ᵒC. The resulting swelling ratios can be seen in Figure 5.6. The differences
between swelling ratios of 5.0 and 7.5 mole percent for each polymeric system can be
visualized in Figure 8.5 of the Appendix. Figure 5.6 illustrate that these polymers exhibit
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greater swelling at lower temperatures, as expected with PNIPAAm-based systems.(Tang,
Floy, Bhandari, Dziubla, et al. 2017; Kuckling, Richter, and Arndt 2003) The swelling ratio
was found to decrease with increasing amount of the biphenyl monomer, which is expected
due to the intermolecular non-covalent interactions that act as crosslinking sites.(Gehrke
1993) Interestingly, the majority of systems with a higher initiator content (1.0% APS)
swell more than the systems with a lower initiator content (0.1% APS). This indicates that
fewer potential non-covalent interactions present in the shorter chains dominates the
swelling response of these systems. It can also be seen from the graph that the 2PPMA
system swells more than the 4PPMA system. It is hypothesized that this is a result of steric
hinderance within the biphenyl group of 2PPMA molecules due to the presence of a bulky
group at the ortho position. This prevents a strong intramolecular interaction to exist within
the 2PPMA monomer as compared to 4PPMA, where the biphenyl groups are expected to
be present in a coplanar structure leading to stronger intramolecular interactions and thus
lesser swelling ratio.
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Figure 5.6: Temperature responsive swelling study of (a) 2PP 0.1, (b) 2PP 1.0, (c) 4PP 0.1,
(d) 4PP 1.0 systems. Data were plotted as mean ± standard deviation and 5 measurements
were taken for each sample.

93

5.4.2.3 Reversible swelling studies
Reversible swelling and deswelling properties were tested for the polymeric beads in this
study and the results are shown in Figure 5.7. The beads were subjected to pulsatile
temperature change from a high temperature of 50ᵒC to a low temperature of 15ᵒC. This
pulsatile temperature change was repeated for 5 cycles, and the results indicate that beads
showed a decrease in the reswelling ratios for the second and third cycle before reaching a
stable reversible equilibrium. It is hypothesized that this can be attributed to two main
effects: polymeric chains that are not actively participating in physical crosslinking being
released from the polymer beads in the initial swelling/deswelling cycles and additional
physical crosslinking being formed during the initial swelling/deswelling cycles. The
release of polymer chains and associated loss of mass during the initial swelling/deswelling
cycles was confirmed by comparing the initial dried mass and the final dried mass (see
Table 5.3 and Figure 5.8). Since this mass loss does not account for all of the drop in
swelling ratio, the additional decrease in swelling ratio is likely attributable to the
formation of additional physical crosslinking during the initial swelling/deswelling cycles
as the polymer chains are able to rearrange with biphenyl moieties having the opportunity
to form additional physical crosslinking. In summary, during the pulsatile temperature
change, the swelling ratio remained constant for the remaining cycles, once unattached
polymeric chains were released, and physical crosslinking was maximized in the first few
cycles.
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Figure 5.7: Reversible swelling studies of (a) 2PP 0.1, (b) 2PP 1.0, (c) 4PP 0.1, (d) 4PP 1.0
systems. Data were plotted as mean ± standard deviation and 5 measurements were taken
for each sample
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5.4.2.3.1 Mass loss during reversible swelling study
The mass loss was calculated by the following equation:

% 𝒎𝒂𝒔𝒔 𝒄𝒉𝒂𝒏𝒈𝒆 =

(𝑴𝒅𝒓𝒚 𝒇𝒊𝒏𝒂𝒍 𝟏 − 𝑴𝒅𝒓𝒚 𝒊𝒏𝒊𝒕𝒊𝒂𝒍 )
∗ 𝟏𝟎𝟎
𝑴𝒅𝒓𝒚 𝒊𝒏𝒕𝒊𝒂𝒍

Where, initial dried mass (Mdry initial) was calculated by taking an average dried mass of 10
beads for each system from the Group 2 polymers. The set of 5 beads that were studied for
the reversible swelling study were dried at the end of the study and the final dried mass
(Mdry final 1) was calculated by taking an average of these beads. The percent mass loss
values are presented in Table 5.3 as well as are represented in Figure 5.8.
Table 5.3: Initial dried mass, final dried mass and percent mass change for the reversible
swelling study
Polymer

Mdryinitial

Mdryfinal1

% Change

2PP_2.5_0.1

1.18 ± 0.08

1.00 ± 0.07

-15.09

2PP_5.0_0.1

1.89 ± 0.09

1.78 ± 0.04

-5.76

2PP_7.5_0.1

2.76 ± 0.11

2.74 ± 0.15

-0.56

2PP_2.5_1.0

1.48 ± 0.07

1.32 ± 0.08

-10.68

2PP_5.0_1.0

2.47 ± 0.09

2.38 ± 0.08

-3.51

2PP_7.5_1.0

3.08 ± 0.1

3.04 ± 0.11

-1.23

4PP_2.5_0.1

2.24 ± 0.09

2.08 ± 0.08

-7.33

4PP_5.0_0.1

2.56 ± 0.1

2.54 ± 0.05

-0.61

4PP_7.5_0.1

3.34 ± 0.14

3.38 ± 0.08

1.06

4PP_2.5_1.0

2.71 ± 0.12

2.66 ± 0.05

-1.89

4PP_5.0_1.0

3.48 ± 0.12

3.51 ± 0.07

0.81

4PP_7.5_1.0

4.53 ± 0.13

4.48 ± 0.08

-1.18
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Figure 5.8: Representation of percent mass change for the reversible swelling study

5.4.2.4 Kinetic swelling studies of dried polymers
The kinetic swelling study of the dried polymers (Group 2) were studied at 15°C. The
results are shown in Figure 5.9. As it can be seen from the results, the time it takes for the
network to swell and reach equilibrium in water is around 8 days, once the polymers were
dried. The 2PP_2.5_0.1 and the 2PP_2.5_1.0 systems were difficult to handle due to high
swelling ratio after 6 and 7 days, respectively, and thus, their swelling ratio and their dried
mass were not calculated after that point of time. At these low amounts of 2PPMA, the
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systems have very high swelling ratios at low temperature (15°C) and limited mechanical
integrity.
After 10 days, the gels were dried, and the final dried mass was compared to the initial
dried mass (see Table 5.4 and Figure 5.10). The results indicate that there was not any
significant mass loss during the kinetic swelling of these dried polymers, which indicates
that the drying process assisted in forming a physically crosslinked network with
maximized crosslinking sites. By comparing the equilibrium swelling ratio for this study
to the equilibrium swelling ratio for the reversible swelling study (15°C for the fifth cycle),
it is clear that the equilibrium swelling ratio for the kinetic swelling study is higher than
the equilibrium swelling ratio for the reversible swelling study. This is likely attributed to
the mass loss for the reversible swelling study, whereas there is not a significant mass loss
during the kinetic swelling study of the dried polymers.
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Figure 5.9: Kinetic swelling studies dried polymers (a) 2PP 0.1, (b) 2PP 1.0, (c) 4PP
0.1, (d) 4PP 1.0 systems. Data were plotted as mean ± standard deviation and 5
measurements were taken for each sample
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5.4.2.4.1 Mass loss during kinetic swelling of dried polymers
The mass loss was calculated by following equation.

% 𝒎𝒂𝒔𝒔 𝒄𝒉𝒂𝒏𝒈𝒆 =

(𝑴𝒅𝒓𝒚 𝒇𝒊𝒏𝒂𝒍 𝟐 − 𝑴𝒅𝒓𝒚 𝒊𝒏𝒊𝒕𝒊𝒂𝒍 )
∗ 𝟏𝟎𝟎
𝑴𝒅𝒓𝒚 𝒊𝒏𝒕𝒊𝒂𝒍

Where the Mdry initial is same as the above and the final dried mass (Mdry final 2) was calculated
by drying the studied beads at the end of 10 days and taking an average of the dried beads.
The percent mass loss values are presented in Table S2 as well as are represented in Figure
S2.
Table 5.4: Initial dried mass, final dried mass and percent mass change for the kinetic
swelling study of dried polymers
Polymer

M_dry initial*

M_dry final 2**

% Change

2PP_2.5_0.1

1.18 ± 0.08

-

-

2PP_5.0_0.1

1.89 ± 0.09

1.84 ± 0.05

-2.59

2PP_7.5_0.1

2.76 ± 0.11

2.76 ± 0.09

0.16

2PP_2.5_1.0

1.48 ± 0.07

-

-

2PP_5.0_1.0

2.47 ± 0.09

2.46 ± 0.09

-0.27

2PP_7.5_1.0

3.08 ± 0.1

3.06 ± 0.09

-0.58

4PP_2.5_0.1

2.24 ± 0.09

2.16 ± 0.05

-3.76

4PP_5.0_0.1

2.56 ± 0.1

2.54 ± 0.09

-0.61

4PP_7.5_0.1

3.34 ± 0.14

3.28 ± 0.08

-1.93

4PP_2.5_1.0

2.71 ± 0.12

2.72 ± 0.04

0.33

4PP_5.0_1.0

3.48 ± 0.12

3.46 ± 0.05

-0.51

4PP_7.5_1.0

4.53 ± 0.13

4.5 ± 0.12

-0.74
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Figure 5.10: Representation of percent mass change for the kinetic swelling study

5.4.2.5 Mechanical testing
The compressive moduli of the swollen beads are shown in Figure 5.11. A representative
stress vs. strain curve can be found in the Appendix 8.3. The system is swollen in water
and therefore acts as a crosslinked gel. The results indicated there was a strong effect of
biphenyl monomer concentration on the compression modulus. As expected, with increase
in the amount of the biphenyl monomer, the non-covalent crosslinking sites increases
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resulting in the increase of compressive moduli. Interestingly, there isn’t much change in
the compression modulus values between the 2PPMA and 4PPMA system which may
likely be due to the concentration of biphenyl monomer being very low (2.5 to 7.5 %) in
both systems to depict a significant difference in their compression modulus values.

Figure 5.11: Mechanical testing of the (a) 2PP 0.1, (b) 2PP 1.0, (c) 4PP 0.1, (d)
4PP 1.0 systems to determine their compression modulus. Data were plotted as
mean ± standard deviation and 5 measurements were taken for each sample
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5.5 Conclusions
Temperature responsive non-covalently crosslinked polymers containing NIPAAm with
varying biphenyl comonomer (2PPMA/4PPMA) amount and varying initiator content were
successfully synthesized. The presence of non-covalently crosslinked interactions was
determined by the ability of the gel to reversibly swell in water and dissolve in DMSO.
The average molecular weight data illustrate that an increase in the amount of biphenyl
monomers leads to a decrease in the molecular weight. The temperature responsiveness of
the polymers, the effect of physical crosslinker and the effect of the comonomer was
demonstrated by the swelling studies. Mechanical tests of the polymer beads indicated that
an increase in amount of the comonomer leads to increase in the compression modulus of
the synthesized polymer. These materials with unique properties are expected to have
potential applications spanning environmental remediation/sensing, biomedicine, etc.
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6

Development of thermoresponsive polymeric system for removal of
iron oxide nanoparticles
6.1 Abstract

A series of novel temperature responsive polymeric materials were synthesized with nisopropylacrylamide (NIPAAm) and biphenyl comonomers 2-phenylphenolmonoacrylate
(2PPMA) and 4-phenylphenolmonoacrylate (4PPMA). Due to the presence of biphenyl
moiety, these polymers have affinity towards metal oxide nanoparticles through cation-pi
interactions and therefore can be utilized to remediate them from aqueous solution. The
synthesized polymers were studied for their physico-chemical properties by measuring
their molecular weight through GPC, their lower critical solution temperature (LCST)
values and their zeta potentials. Once these polymers were characterized, they were studied
for their capabilities in flocculating iron oxide nanoparticles (IONPs) suspended in aqueous
solution. Parameters such as salt concentration, IONP loading and polymer loading were
varied to find the optimum system for flocculation. The results indicated that the optimum
system flocculated ~95% of IONPs in under 10 minutes forming a dense floc which can be
separated from the solution with ease.
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6.2 Introduction
The use of metal oxide nanoparticles (MONPs) is continuously increasing in various
industries including coatings, sunscreen, antimicrobial and antiviral treatments,
semiconductors, personal care products and biotechnology due to the rapid development
in nanotechnology. (Amde et al. 2017; Deline and Nason 2019; A.-H. Lu, Salabas, and
Schüth 2007) As a result, a large amount of MONPs are released into the environment due
improper handling and untreated discharge through industrial effluents. Studies have shed
light on harmful effects of these nanoparticles on human as well as aquatic life, and
therefore, efforts are needed in developing technologies that can enable their efficient
cleanup and remediation strategies. (Bondarenko et al. 2013; Rastogi et al. 2017; PeraltaVidea et al. 2011; Y. Liu et al. 2014) Flotation, filtration and biological process are some
of the commonly used methods to separate MONPs. However, due to their small size, the
common methods may not be sufficient to separate MONPs efficiently, and therefore, there
is a need for improvement in the current strategy of MONP removal. (Y. Liu et al. 2014)
Flocculation is a well-known separation technique that is extensively used to separate
suspended and dissolved solids from wastewater. (Gregory 1988; Machado et al. 2008)
Flocculation refers to the process where suspended colloidal particles form an aggregate,
called a floc, by itself or by addition of a clarifying agent called as a flocculant. Polymers
have been used as flocculants because of their advantages such as high efficiency with low
dosage, easy functionalization for broad range of application and relatively simpler
handling process. Hydrogen bonding, hydrophobic interactions, ionic interactions,
chemical bonding and van der Waals forces are some of the ways that polymeric flocculants
adsorb colloidal contaminant. (Richard Hogg 2013; Dao, Cameron, and Saito 2016;
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Gregory and Barany 2011) Once the contaminant is adsorbed, the long chains of the
polymer start to bridge, leading to the formation of large aggregates and eventually
inducing flocculation. Choosing a polymer with attractive interchain interactions is
therefore necessary to have an efficient flocculation process. Bridging of polymeric chains
require an interaction amongst these polymer chains as to induce flocculation and one such
polymer is poly(n-isopropylacrylamide) (PNIPAAm). (Fanaian et al. 2012; H. Lu et al.
2015; Ghimici and Constantin 2011)
Poly(n-isopropylacrylamide) (PNIPAAm) is a polymer that can be induced to possess
interchain interactions at high temperatures. PNIPAAm aqueous solution exhibits a phase
change at its lower critical solution temperature (LCST). Which means, below the LCST,
PNIPAAm behaves hydrophilic and dissolves in water and as the temperature increases
above LCST it turns hydrophobic and starts to precipitate out forming a colloidal
suspension. This precipitation is due to the fact that above the LCST, PNIPAAm chains
like themselves more than they like water. Due to these interchain interactions, PNIPAAm
can act as an efficient flocculant for colloidal wastewater systems. (Podewitz et al. 2019)
Exploitation of the interactions between the contaminant and the polymer plays a key role
in the development of an efficient flocculant as well. Therefore, developing a polymer to
flocculate MONPs requires the polymer to have a moiety that can interact with MONPs.
Aromatic systems can be one such moiety because there has been literature supporting the
presence of cation-pi interaction between metal cations such as Fe2+, Ag+, Zn2+ etc. with
aromatic pi systems. (J. C. Ma and Dougherty 1997; Dougherty 2013; Demircan and
Bozkaya 2017; Kolakkandy et al. 2014) Moreover, research has shown the presence of
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metal cations on the surface of MONPs. (Lentijo-Mozo et al. 2018; Lesiak et al. 2019;
Parkinson 2016)
Our group has previously developed thermoresponsive polymers with aromatic moieties
present in them that can be utilized to floc MONPs. This study is primarily focused on
accurately characterizing the polymers synthesized and analyzing the optimizing the
parameters utilized during the flocculation. In this report, we have synthesized a
copolymeric system including PNIPAAm and a biphenyl moiety through the introduction
of 2 phenylphenolmonoacrylate (2PPMA) and 4 phenylphenolmonoacrylate (4PPMA).
2PPMA and 4PPMA comonomers were prepared previously and were utilized without any
further purification. (R. Shah et al. 2020) The structures of the monomers used in this study
are shown in Figure 6.1. The synthesized polymers will be utilized to flocculate iron oxide
nanoparticle (IONP) suspension from water. We first synthesized the polymers and studied
physicochemical properties by measuring their molecular weight, LCST and zeta potential.
We also studied flocculation properties of these systems by varying the concentration and
type of polymer, concentration of IONPs and concentration of the NaCl that is utilized for
inducing flocculation.

Figure 6.1: Structure of the monomers used in this study
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6.3 Materials and methods
6.3.1

Materials

The monomer N-isopropylacrylamide (NIPAAm) and initiator ammonium persulfate
(APS) were purchased from Sigma-Aldrich Corporation (St. Louis USA). All organic
solvents were purchased from Sigma-Aldrich and Fisher Scientific (Hampton USA).
Chemicals were used as received and without any further purification. No commercial
comonomers were used in this work; 2PPMA and 4PPMA were used as a comonomer
which were prepared in house.
6.3.2

Synthesis of non-covalently crosslinked polymers

Polymers used in this study were prepared through free radical polymerization. Monomer
2PPMA and 4PPMA were prepared in house and its details are mentioned in our previous
study. (R. Shah et al. 2020) APS was used as the initiator at 0.1 wt. % of the total monomer
amount. The reaction was carried out with dimethylsulfoxide (DMSO) as the solvent. For
consistency, the total moles of monomers to the volume of DMSO used was kept constant
at 2.5 mmol/ml. Table 6.1 represents the set of polymers used in this study.
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Table 6.1: Compositions of the polymers synthesized in this study
NIPAAm
System

NIPAAm

NIPAAm:2PPMA

NIPAAm:4PPMA

Comonomer

Comonomer

-

2PPMA

Name
(mole %)

(mole %)

100

-

PNIPAAm

99.9

0.1

2PP _0.1

99.0

1.0

2PP_1.0

97.5

2.5

2PP_2.5

99.9

0.1

4PP_0.1

99.0

1.0

4PP_1.0

4PPMA

For a typical system of 2PP_2.5, the total number of moles (NIPAAm and 2PPMA) used
are 2.5 mmol. Accordingly, 275.4 mg of NIPAAm with 14 mg of 2PPMA was added to 1
ml DMSO and dissolved to prepare a uniform solution. An aqueous solution of initiator
APS at 0.05 g/mL was added to the mixture to comprise of 0.1 wt. % of total combined
weight of NIPAAm and 2PPMA. The reaction mixture was then pipetted into a shell vial
(15mm*45mm) and nitrogen was bubbled through the solution to promote an inert
environment in the vial headspace. The vial was kept in an 80°C water bath for an hour.
After removing the vial from the water bath, the viscous polymer solution was precipitated
by addition of water to the vial and the precipitated polymer was then added to a beaker
containing 200 ml of DI water and was washed for 48 hours to remove any unreacted
monomers. The polymers tend to dissolve through the washing process and therefore at the
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end of the wash process, salt was added at a concentration of 0.5 M to the beaker containing
the washed solution as well as the polymer and the beaker is placed in a 50°C water bath
for 10 mins for the polymer to precipitate out and form a floc. This floc was then removed
through a pair of tweezers and dried in a vacuum oven at 50°C and 6 in. Hg pressure
overnight. The dried polymers were again dissolved in water at a concentration of 5 mg/ml
in the refrigerator to ease the dissolution process and stored in the refrigerator at 4°C until
further use.
6.3.3

Characterization of polymers

6.3.3.1 LCST measurements
The LCST of the polymer was determine by measuring the transmittance in a UV-Visible
spectroscopy of the polymer/copolymer aqueous solution at a concentration of 1 mg/ml of
water while sweeping the temperature from 10°C to 45°C. The transmission was then
plotted as a function of temperature and the LCST was labelled as the temperature at which
transmission is 50%. The setup used to measure the transmittance was Cary 60 UV-vis
spectrophotometer (Agilent) along with the qx2 temperature-controlled cuvette holder
from quantum northwest.
6.3.3.2 Molecular weight measurements
GPC was used to determine the molecular weight of the synthesized polymers in a
Shimadzu Prominence LC-20 AB HPLC system installed with a Waters 2410 refractive
index detector. A Polargel-M 300x7.5 mm 8µm column (Agilent) was used for separation.
The linear range of calibration for molecular weight determination was from 1,840 DA to
2,210,000 DA of polymethylmethacrylate (PMMA) standards (Agilent). The polymer was
dissolved in DMSO at 5-7 mg/ml and passed through the GPC for determination of the
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molecular weight. Five replicates were completed for each polymeric system and the values
are reported with their respective standard deviation.
6.3.3.3 Zeta potential measurements
Zeta potential measurements were obtained using a Malvern Zetasizer Nano ZS90. The
polymers were dissolved in DI water at low temperatures and were added to cuvettes. A
small amount of NaCl was added to this solution ([NaCl] = 0.01 M) to have a constant
conductivity. The measurements were taken after the solution was equilibrated at 40°C for
15 minutes. Five runs were taken, and the data is as mean ± standard deviation for the five
repetitions.
6.3.4

Flocculation Experiments

Flocculation of IONPs was studied by varying different parameters to find optimum
conditions. The parameters that affected flocculation were NaCl concentration, IONP
loading amount, polymer type and polymer concentration. Stock solutions of 5 mg/ml of
polymer in water, 5 mg/ml of IONPs in water and 5 M NaCl concentration were prepared
initially. The flocculation experiments were carried out in the following steps. The solution
was prepared by mixing appropriate amounts of stock solution and DI water to get the
required final composition in a 4 ml solution. For e.g., to make a final solution of 0.5 M
salt concentration, 0.1 mg/ml IONP loading and 1 mg/ml polymer concentration with a
final volume of 4 ml; 0.4 ml of the salt stock solution, 80 ul of the IONP stock solution,
0.8 ml of the polymer stock solution were added to 2.72 ml of DI water to form the desired
concentrations. Care was taken such that the solution was prepared at low temperatures
(~10°C) before flocculation. Vial containing the solution was then transferred into a 50°C
water bath and the flocculation was left to proceed for 10 mins. After 10 minutes, the
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flocculated pellet was separated from the water. The flocculation efficiency was calculated
by conducting an iron assay on the solution before flocculation and after the flocculation
which helped in determining the amount of IONP flocculated and separated. Three
replicates were completed for each system and the values are reported with their respective
standard deviation.
6.3.4.1 Flocculation efficiency and iron assay
Flocculation efficiency was calculated by the following equation:

𝐹𝑙𝑜𝑐𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑛𝑒𝑐𝑦 =

[𝐹𝑒]D&DEDF$ − [𝐹𝑒]GD&F$
∗ 100
[𝐹𝑒]D&DEDF$

Where, [Fe]initial is the concentration of iron in the solution before flocculation and [Fe]final
is the concentration of iron in the supernatant after the flocculation. These concentrations
were measured through an iron assay which is described as follows. 10 μL of the solution
whose Fe concentration as to be measured was added to 10 μL 6 M HCl and allowed to sit
for 3 hours. After 3 hours, 500 μL of 1 M acetic acid, 100 μL of hydroxylamine
hydrochloride, 100 μL of 1, 10 phenanthroline, and 280 μL of DI water were added to the
solution. The solution was left overnight and after that, absorbance of the solution (λ = 511
nm) was used to calculate the iron concentration based on a standard curve.
6.3.4.2 Effect of NaCl concentration
To study the effect of NaCl concentration, the salt concentration was varied keeping the
IONP loading at 0.1 mg/ml, polymer type as 2PP_2.5 and polymer loading as 1 mg/ml. 3
different systems were studied with NaCl concentration as 0.1 M, 0.5 M and 1.0 M
respectively.
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6.3.4.3 Effect of IONP loading
To study the effect of IONP loading, the IONP loading was varied keeping the salt
concentration at 0.5 M, polymer type as 2PP_2.5 and polymer loading as 1 mg/ml. 3
different systems were studied with NaCl concentration as 0.1 mg/ml, 0.5 mg/ml, 1.0
mg/ml respectively.
6.3.4.4 Effect of polymer type and polymer loading
To study the effect of polymer loading, the polymer type and polymer loading was varied
keeping the salt concentration at 0.5 M, IONP concentration at 0.1 mg/ml. The polymers
used in this study were PNIPAAm, 2PP_0.1, 2PP_ 1.0, 2PP_2.5, 4PP_0.1, 4PP_1.0. Each
of these systems were studied with varying polymer loading of 0.1 mg/ml, 0.5 mg/ml and
1.0 mg/ml.

6.4 Results and discussion
6.4.1

Characterization of Polymers

6.4.1.1 Molecular weight measurements
GPC was used to determine the molecular weight distribution of the polymers. Figure 6.2
depicts weight-average molecular weight for synthesized polymers. A representative GPC
chromatogram can be found in Appendix 8.4. Table 6.2 represents the values of the weightaverage molecular weight, number-average molecular weight and polydispersity index
(PDI) for individual polymers. It can be seen from the figure that the average molecular
weight of the polymers decrease as the amount of biphenyl monomer increases, which is
likely the result of a lower reactivity of the biphenyl monomers as compared to NIPAAm
resulting in the formation of shorter chains with an increase in the amount of biphenyl
monomer which has been shown in literature with molecular weight decreasing with
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increasing comonomer ratio for hydrophobic comonomers. (Kohori et al. 1998; Chung et
al. 1998)

Figure 6.2: Weight average molecular weight of the polymers used in this study
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Table 6.2: Number-average molecular weight, weight average molecular weight as well
as PDI of the polymers measured by GPC
Number-average

Weight-average

Polydispersity

molecular weight (g/mol)

molecular weight (g/mol)

index (PDI)

PNIPAAm 0.1

493,300

1,406,000

2.85

2PP_0.1

227,900

819,000

3.59

2PP_1.0

150,200

510,200

3.40

2PP_2.5

122,800

374,100

3.05

4PP_0.1

410,500

1,052,000

2.56

4PP_1.0

230,500

615,200

2.67

Polymer

6.4.1.2 LCST Measurements
As described earlier, the LCST of the studied polymers was calculated by measuring the
transmittance of their aqueous solution as a function of temperature. The polymer being
hydrophilic at low temperatures, dissolves in water and the transmittance of the aqueous
solution is 100%. As the temperature increases above the LCST, the polymer turns
hydrophobic and precipitates, resulting in a lower transmittance. The temperature at which
transmittance is 50% was assigned the LCST value. The Figure 6.3 represents transmission
values as a function of temperature and the Table 6.3 represents the LCST of each
polymeric system. As it can be seen, with the increase in the amount of biphenyl
comonomer (hydrophobic moiety), the LCST value decreases which is as expected. The
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decrease in the LCST is beneficial for flocculation studies as less energy is required to raise
the system from ambient temperature to above the LCST.

Figure 6.3: Aqueous solution transmission as a function of temperature (a)
NIPAAm:2PPMA system and (b) NIPAAm:4PPMA system
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Table 6.3: LCST values determined from the Figure 6.3
LCST
Polymer
(°C)
PNIPAAm

32.5

2PP_0.1

32.3

2PP_1.0

30.7

2PP_2.5

29.3

4PP_0.1

32.3

4PP_1.0

29.2
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6.4.1.3 Zeta Potential Measurements
The zeta potential for these polymers were measured at 40°C. Figure 6.4 represents the
zeta potential values as a function of composition. As seen from the figure, the values are
negative which is indicative of negative charges on the surface of the colloidal particles,
leading to the formation of a stable suspension. The negative interfacial charge can be the
result of end groups being negatively charged or due to the activation of DMSO in the
presence of APS (Refer Appendix 8.4). It can also be seen that with the increase in biphenyl
moiety, the absolute value of the zeta potential increases which can be attributed to the

Figure 6.4: Zeta potential values for all the polymers synthesized in this study
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addition of electron rich aromatic rings to the system. (Wheeler and Bloom 2014; Albert,
Marks, and Ratner 1997)
6.4.2

Flocculation Experiments

Two systems, PNIPAAm and 2PP_2.5 systems were compared with each other to
flocculate IONPs. Both the systems had a NaCl concentration of 0.5 M, IONP
concentration of 0.1 mg/ml and polymer concentration of 1 mg/ml. As discussed, the
solution was prepared at a lower temperature and images were taken of the vials before the
experiments to compare it with final results. Both of these systems were kept in a 50°C
water bath simultaneously and flocculation was let to proceed for 10 minutes. After 10
minutes, the vials were removed from the water bath and images were taken for a
qualitative result. Figure 6.5 represents the flocculation comparison between these two
systems with images and schematic representation of the flocculation mechanism. It is clear
from the figure that IONPs floc easily by just adding 2.5 mole percent of biphenyl moiety
to a PNIPAAm system, which is an indication that biphenyl moiety can be utilized to floc
IONPs. The flocculation interactions are hypothesized to be cation-pi interactions between
the pi bonds of the aromatic moiety and the surface Fe2+ cations (Schmitt et al. 2003; Zarić,
Popović, and Knapp 2000).
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10°C

Flocculation of
IONPs through
PNIPAAm

10
mins

P(NIPAAm)

Flocculation of
IONPs through
2PP_2.5

50°C

IONPs
10°C

Biphenyl moiety
50°C

10
mins

Helps to remove
IONPs from water

Figure 6.5: Flocculation of IONPs as a proof of concept with PNIPAAm and
2PP_2.5 system. [Polymer] = 1 mg/ml, [NaCl] = 0.5 M and [IONPs] = 0.1 mg/ml

6.4.2.1 Effect of NaCl Concentration
Effect of NaCl concentration was studied by performing experiments with [IONPs] = 0.1
mg/ml, with 2PP_2.5 as the polymer and [polymer] = 1 mg/ml while varying NaCl
concentration. The results are shown in Figure 6.6. As it is seen from the graph, the
flocculation efficiency increased from when the NaCl concentration increased from 0.1 M
to 0.5 M which is as expected. As the concentration of the electrolyte increases, the
repulsive forces between the IONPs are weakened due to electrostatic screening increasing
the flocculation efficiency. As the concentration of NaCl increases from 0.5 M to 1.0 M,
the flocculation efficiency decreases indicating that there is a bell-shaped curve for
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flocculation efficiency vs NaCl concentration. The reason can be attributed to the fact that
as the electrolyte concentration increases, beyond a certain point, the electric double layer
formed on the IONPs start stabilizing again due to repulsive ionic forces leading to a stable
suspension (Moreno 2018).

Figure 6.6: Flocculation efficiency as a function of NaCl concentration for 2PP_2.5
system with solution composition being [Polymer] = 1 mg/ml, [IONPs] = 0.1 mg/ml
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6.4.2.2 Effect of IONP loading
Effect of IONP loading was studied in the system where [NaCl] = 0.5M, the polymer used
was 2PP_2.5 and the [polymer] = 1 mg/ml. The IONP concentration was varied from 0.1
mg/ml to 0.5 mg/ml and 1 mg/ml and the flocculation efficiency as a function of IONP
concentration is plotted in Figure 6.7. As it can be seen from the figure, the flocculation
efficiency is ~95% for the system with 0.1 mg/ml and it drops significantly for the systems
with higher IONP concentration. As the IONP concentration increases, the amount of
polymer present in the system cannot hold the increased amount of IONPs after
flocculation and therefore does not form a dense floc leading to a decrease in the
flocculation efficiency of the system.

Figure 6.7: Flocculation efficiency as a function of IONP loading for 2PP_2.5 system
with solution composition being [Polymer] = 1 mg/ml, [NaCl] = 0.1 mg/ml
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6.4.2.3 Effect of the polymer loading
To study the effect of polymer loading, we varied the concentration of 2PP_2.5 polymer
while keeping the concentration of NaCl at 0.5 M, IONP loading at 0.1 mg/ml. Figure 6.8
represents the flocculation efficiency as a function of polymer loading. As it can be seen
from the figure, as the concentration of the polymer increases, the flocculation efficiency
increases which is as expected. Higher the amount of polymer, more is the interaction
between the polymer and the IONPs and therefore leading to a better flocculation.

Figure 6.8: Flocculation efficiency as a function of polymer loading for 2PP_2.5
system with solution composition being [NaCl] = 0.5 M, [IONPs] = 0.1 mg/ml
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6.4.2.4 Effect of the polymer type
The different polymers utilized in this study are represented in Table 6.1. All the other
variables were kept constant and their values were as follows: [NaCl] = 0.5 M, [IONP] =
0.1 mg/ml, [polymer] = 1.0 mg/ml. Figure 6.9 represents the flocculation efficiency as a
function of polymer type. It can be seen that, with the increase in the biphenyl moiety, the
flocculation efficiency increases, which can be related to the presence of a greater number
of cation-pi interactions leading to a higher IONP binding. Interestingly, the 4PPMA
copolymeric system did not perform well as compared to the 2PPMA system for the 2
systems, namely, 99.9:0.1 and 99.0:1.0. Significant conclusions cannot be made on
flocculation efficiency between the 2PPMA and the 4PPMA copolymeric system as there
is not enough data to draw any notable inference.

Figure 6.9: Flocculation efficiency as a function of composition for different polymers
with solution composition being [NaCl] = 0.5 M, [Polymer] =1 mg/ml, [IONPs] = 0.1
mg/ml
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6.5 Conclusions
A set of temperature responsive linear polymer containing PNIPAAm and varying amount
of biphenyl comonomers (2PPMA/4PPMA) were prepared and tested for their efficacy in
flocculating IONPs. The polymers were first characterized for their molecular weight using
GPC, their LCST using transmission measurements through UV-Vis and for their zeta
potential values. The molecular weight and the LCST of the polymers decreased with
increase in the concentration of the biphenyl moiety. The flocculation experiment was
carried out and optimized by varying the NaCl concentration, IONP loading, polymer
concentration and polymer loading. It was inferred that concentration of salt should be
around 0.5 M for optimum conditions. It was also seen that, low amount of IONPs and high
amount of polymer gave the best results. With increase in the biphenyl moiety in the
polymer, the flocculation efficiency also increased and 2PP_2.5 was the best performing
polymer. This technology has a lot of advantages, such as, achieving a high flocculation
efficiency in a matter of minutes and can be extended to floc other contaminants by using
different comonomers.
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7

Conclusions

This thesis focuses on development of novel biphenyl based polymeric systems for
monitoring and remediation of environmental pollutants like PCBs, PAHs and IONPs.
Novel biphenyl-based monomers (2PPMA/4PPMA) and crosslinker (44BDA) were first
synthesized through acrylation of biphenols. The synthesized monomers and crosslinker
were then tested for their physico-chemical properties through various characterization
techniques, including, DSC, NMR and FTIR. These organic molecules were utilized to
develop novel biphenyl based crosslinked polymers which were then characterized for their
swelling properties and mechanical testing. The unexpected swelling results indicated the
presence of non-covalent pi-pi interactions present in the crosslinked network. These
polymers were then utilized to study their affinity towards PCBs and PAHs. Polymer
microparticulates were suspended in a hydrophilic PEG crosslinked system and were
deployed in real world sediments from Middle river in Maryland together with LDPE for
comparison. After 5 weeks of deployment, the biphenyl-based polymers along with LDPE
were retrieved and studied for the amount of PCBs and PAHs bound on them. The results
indicated that biphenyl based polymeric system perform better than LDPE for binding low
molecular weight system which was hypothesized by the result of the crosslinked PEG
network filtering out the high molecular weight pollutants
Another part of this thesis was to develop novel thermoresponsive polymeric system
utilizing NIPAAm and the biphenyl monomers (2PPMA/4PPMA). These polymeric
systems acted as a crosslinked system in aqueous solution due to the presence of biphenyl
monomers that can interact with each other through pi-pi interactions leading to the
formation of physical crosslinking sites. The synthesized polymers were then characterized
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for their molecular weight through GPC, temperature responsive swelling as well as
reversible swelling properties, and mechanical integrity by measuring their compression
modulus. By the addition of low mole percent of the biphenyl monomers in the NIPAAm
system, these polymers cannot hold themselves in water at low temperatures and therefore
dissolve at low temperatures. This property was utilized to flocculate IONPs from an
aqueous suspension. The presence of biphenyl moiety in the polymer results in affinity
towards IONPs and the formation of a PNIPAAm floc at a higher temperature leads to an
efficient flocculation of IONPs. These flocculation experiments were then optimized by
varying different variables such as NaCl concentration, IONP loading, polymer
concentration and polymer type to find the best performing system. The results indicated
that presence of 2.5 mole percent of 2PPMA monomer and 97.5 mole percent of the
NIPAAm monomer led to the formation of an optimum system to floc IONPs from an
aqueous suspension.

7.1 Significant findings
This dissertation generated significant results that contribute to the scientific community’s
understanding on biphenyl-based moieties, their application in pollutant monitoring and
remediation as well as temperature responsive polymers. We demonstrated that, biphenyl
moieties have affinity towards pollutants like PCBs and PAHs and therefore can be utilized
to monitor them in a passive sampling system. Along with PCBs and PAHs these biphenyl
moieties also have affinity towards MONPs including IONPs and therefore can be utilized
to flocculate them from an aqueous suspension.
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•

Novel biphenyl monomers and crosslinkers (2PPMA, 4PPMA and 44BDA) were
developed

from

precursors

2-phenylphenol,

4-phyenylphenol

and

4,4’

dihydroxybiphenyl through acrylation of the hydroxyl group
•

Crosslinked polymers from 2PPMA/4PPMA with 44BDA were prepared through
free radical polymerization

•

These polymers, when incorporated as microparticulates in a PEG system, can
successfully act as a passive sampler and can be utilized to monitor PCBs and PAHs
in river water

•

The PEG crosslinked limited the transport of higher molecular weight systems
leading to monitoring of primarily low molecular weight PCBs and PAHs

•

Thermoresponsive polymers containing biphenyl moieties were prepared from
NIPAAm and 2PPMA/4PPMA through free radical polymerization

•

These polymers when dissolved in water containing IONP suspension were able to
floc IONPs effectively after raising the temperature above the LCST

•

Clear supernatant (95% IONP removal) and a tight floc was achieved by the
flocculation in under 10 minutes.
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7.2 Future recommendations
7.2.1

Future recommendations in chapter 3

No recommended future work.
7.2.2

Future work in chapter 4

7.2.2.1 Understanding the role played by PEG hydrogel
Future work in development of biphenyl polymers as next generation of passive samplers
should be addressed towards understanding the role played by poly (ethylene glycol) (PEG)
hydrogel mesh network in binding PCBs and PAHs. First, having a control with just the
PEG hydrogel should be added in the next set of experiments which will help in identifying
if the PRG network leads to pollutant binding or not.
Our conclusions suggests that the primary reason for filtering out the higher molecular
weight pollutants is due to the mesh size created by the acrylation of PEG400DA. The
mesh only allows lower molecular weight system to penetrate in while blocking the high
molecular weight system. Using a higher molecular weight PEG diacrylate (~PEG1000DA

PEG1000DA (n∽23)
PEG10000DA (n∽227)
Figure 7.1: Structures of PEG1000DA and PEG10000DA
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and PEG10000DA) (structures represented in Figure 7.1 and schematics represented in
Figure 7.2) will create a larger mesh size aiding in penetration of even higher molecular
weight pollutants. This hypothesis can be tested by suspending the biphenyl based
polymeric microparticulates in the PEG1000DA and PEG10000DA crosslinked network.
Crosslinked PEG mesh

Represents low molecular
weight pollutants
Represents high molecular
weight pollutants

Biphenyl based polymers
uniformly suspended in PEG
based network

Figure 7.2: Schematic representation of PEG network with higher molecular weight
between the crosslinks allowing the higher molecular pollutants to penetrate inside the
crosslinked network.

7.2.2.2 Understanding the crosslinked mesh network of the biphenyl polymers
Another direction can be focused on understanding the crosslink mesh of the biphenyl
polymer itself. Filtering out of the higher molecular weight pollutants can not only be due
to the PEG hydrogel mesh but can even be due to the fact that the crosslinked mesh network
of the biphenyl polymer is blocking them. Whatever small amount of binding of high
molecular weight pollutants that is taking place currently can be attributed to the surface
binding and thus, opening the crosslinked mesh network can significantly increase the
efficacy of the biphenyl based polymeric system. This can be achieved by controlling the
amount of crosslinker in the feed to specifically design a mesh size that can incorporate all
the pollutants that are targeted. This can even be achieved by choosing an altogether a
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different crosslinker that might have a higher dimension than 44BDA, allowing us to
increase the mesh size.
7.2.2.3 Experimental recommendation
Some experimental recommendations include testing the efficacy of the extraction protocol
of the pollutants to analyze followed by the binding experiments that was currently
employed. The current extraction protocol used to extract pollutants from biphenyl based
polymeric system was similar to the extraction protocol utilized for extracting pollutants
from polyethylene (PE). It is well established by the passive sampler community that
washing a PE sampler (size: ~2*2 cm) in 40 ml hexane for 72 hours while replenishing the
hexane after 24 hours and 48 hours will extract almost all the PCBs and PAHs from the
polymer into the hexane solution.(Burgess et al. 2017) This protocol might not hold good
for extracting PCBs and PAHs from our biphenyl-based pollutant and it might take more
than 72 hours to extract PCBs and PAHs from them. To test this, the next steps should
include analyzing the extracts with potential PCBs and PAHs upto 9 days. This will help
us to find the time taken for effectively extracting PCBs and PAHs from biphenyl based
polymeric system.
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7.2.3

Future recommendations in chapter 5

Chapter 5 discusses the synthesis and characterization of unique physically crosslinked
polymeric system. These systems can have potential applications in the field of pollutant
sensing. We hypothesize that the non-covalent pi-pi interactions can be affected if a similar
moiety is present in the vicinity and lead to the dissolution of the polymer as shown in the
Figure 7.3. This can be further utilized to sense molecules with aromatic moiety such as
PCBs and PAHs in the solution.

Figure 7.3: Hypothesized sensing strategy for PCBs. PCBs interacting with the physically
crosslinked system (left) leading to breakage of the pi-pi interactions and eventually
dissolution (right)
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7.2.4

Future recommendations in chapter 6

7.2.4.1 Extension of the technology to target different pollutants
Flocculation of IONPs through temperature responsiveness is a very unique application
that can be extended to different suspended pollutants as well as dissolved pollutants in
water. In our case, biphenyl moiety acts as a binding site for iron oxide nanoparticles
(IONPs) and eventually helping in their flocculation. This technology can be extended by
introducing different comonomers which can act as a binding site to different pollutants.
7.2.4.2 Finding a relationship between amount of polymer used and how much of
IONPS it can bind
We also observed that as the polymer concentration increased, the amount of IONPs that
it can floc also increased in the short variations that we employed. This can be further
extended to a range of polymeric concentration and analyzing the corresponding amount
of IONPs that it can bind.
7.2.4.3 Understanding the role of salt
Salt plays an important role in flocculation of PNIPAAm, in the sense that PNIPAAm does
not floc at high temperatures without the presence of salt. The effect of salt is not fully
understood at be done by using multivalent salts instead of divalent salts.
7.2.4.4 Understanding the surface charge on the polymer and its role in
flocculation stability
Another direction can be focused on understanding the charge on the polymeric
suspensions formed at high temperatures through zeta potential measurements. We
concluded that dimethylsulfoxide (DMSO) activation takes place in the presence of
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ammonium persulfate (APS) which leads to the presence of negatively charged polymeric
materials. A significant amount of research has to be done in just understanding the
activation of DMSO and what role it plays in making the polymers charged in first place.
We also discussed in the appendix that synthesizing similar polymers and choosing water
as the solvent for synthesis procedure leads to the development of polymers with almost
zero surface charges. This result needs to be repeated with all the polymeric system to
validate its reproducibility.
7.2.4.5 Separation of floc from the suspension
Separating the floc effectively also plays an important role in having efficient flocculation
results. Current method includes using as spatula to remove the flocculated pellet from the
supernatant. This can be improved by filtering out the supernatant using a filter of a desired
pore size. This will help in filtering out even the loose flocs formed that are not attached to
the primary pellet.
7.2.4.6 Reusing the polymer for flocculation
The ability to recycle and reuse the polymer flocculant would make the technology even
more impactful. Future work should target developing a method to separate the polymer
from IONPs after flocculation. For example, this potentially could be achieved by
dissolving the polymer and IONP floc in an acidic solution which will lead to dissolution
of the IONPs and not the polymer. The separation can also be achieved by using a dialysis
tube method allowing the separation of the polymer and nanoparticles through size
difference.
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8

APPENDIX
8.1 Supporting information for chapter 3
8.1.1

Stress vs. Strain curve for mechanical testing of the polymers

A representative stress vs strain curve for one of the 2PPMA swollen polymer is shown in
the figure 8.1.

Figure 8.1: Representative stress vs. strain curve. (2PPMA swollen system)
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8.2 Supporting information for chapter 4
8.2.1

PCBs: Molecular weight and octanol-water coefficient partitioning
coefficient for different homologs

PCB Homologs

Number of Chlorine
atoms

Molecular weight
(g/mol)

Average octanol-water
partitioning coefficient
(logKow)

Mono

1

188.6

4.5

Di

2

223

5.0

Tri

3

257.5

5.6

Tetra

4

291.9

6.0

Penta

5

326.3

6.6

Hexa

6

360.8

7.1

Hepta

7

395.3

7.5

Octa

8

429.7

7.8

Nona

9

464.2

7.9

Deca

10

498.6

8.2

Figure 8.2: Molecular weight and Octanol-water partitioning coefficient of different PCB
homologs (Lohmann, 2011)
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8.2.2

PAHs: Structures, molecular weight, and octanol-water partitioning
coefficient

Molecular weight
(g/mol)

Octanol-water
partitioning coefficient
(logKow)

Naphthalene

128.17

3.4

Acenaphthylene

152.19

3.9

Acenaphthene

154.20

4.0

Fluorene

166.22

4.1

Anthracene

178.23

4.5

Phenanthrene

178.23

4.5

Name

Structures
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Molecular weight
(g/mol)

Octanol-water
partitioning coefficient
(logKow)

Phenanthrene –d10

188.29

4.5

Fluoranthene

202.26

5.0

Pyrene

202.26

5.18

Chrysene

228.3

5.86

Benz(a)anthracene

228.3

5.91

Benz(b)fluoranthene

252.3

5.9

Name

Structures
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Molecular weight
(g/mol)

Octanol-water
partitioning coefficient
(logKow)

Benz(k)fluoranthene

252.30

5.9

Benzo(a)pyrene

252.30

6.04

Benzo(g,h,i)perylene

276.30

6.5

Indeno(1,2,3-cd)pyrene

276.33

6.54

Dibenz(a,h)anthracene

278.35

6.75

Name

Structures

Figure 8.3: Structural representation and Molecular weight of different PAHs utilized in
this study (Lohmann, 2011)
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8.2.3

Concentration of PCBs and PAHs in the sediment

Figure 8.4: Concentration of PCBs in the sediments. Total PCB concentration = 6.2
mg/kg. Reproduced from Middle River Sediments with permission from GomezEyles and Ghosh 2018.
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Figure 8.5: Concentration of PAHs in the sediments. Total PAH
concentration = 11.1 mg/kg. Reproduced from Middle River Sediments with
permission from Reference Gomez-Eyles and Ghosh 2018.
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8.2.4

Hydrodynamic sizes of PCBs and PAHs

The hydrodynamic sizes of PCBs and PAHs were calculated from the solvent accessible
data obtained for individual PCBs and PAHs from literature. (van Noort, Haftka, and
Parsons 2010; Sui et al. 2016) By knowing the solvent accessible volume for each PCB
and PAH molecule, one can calculate their hydrodynamic diameter by assuming the
molecule to be spherical.
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8.3 Supporting information for chapter 5
8.3.1

Chromatogram for GPC

A representative GPC chromatogram for the polymers synthesized in this chapter is
presented in Figure 8.6

Figure 8.6: Representative GPC chromatogram of 2PP_7.5_0.1 system. The polymer
elutes at around 6 minutes.
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8.3.2

Temperature responsive swelling studies

Figure 8.7 represents the temperature responsive swelling ratios for 5.0 and 7.5 mole
percent systems.

Figure 8.7: Temperature responsive swelling studies of 5.0 and 7.5 mole percent
systems. (a) 2PP 0.1, (b) 2PP 1.0, (c) 4PP 0.1, (d) 4PP 1.0 systems. Data were plotted
as mean ± standard deviation and 5 measurements were taken for each sample.
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8.3.3

Stress vs. Strain curve

A representative stress vs strain curve for one of the 2PP_7.5_0.1 polymer system is shown
in the Figure 8.8

Figure 8.8: A representative Stress vs Strain curve (2PP_7.5_0.1 system)

145

8.4
8.4.1

Supporting Information for chapter 6
Chromatograms for GPC

A representative GPC chromatogram for the polymers synthesized in this chapter is
presented in Figure 8.9.

Figure 8.9: A representative GPC chromatogram of 2PP_2.5_0.1 system. The
polymer elutes at around 6 minutes.
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8.4.2

Zeta potential values of polymers prepared in DMSO vs. water

We hypothesized that the negative charged present on the polymers was a result of
formation of activated DMSO. To test this hypothesis, we synthesized the PNIPAAm
polymer with water as the solvent and compared the zeta potential values with the
PNIPAAM system prepared in DMSO. The two syntheses procedure are discussed below.
8.4.2.1 Synthesis of PNIPAAm using DMSO as the solvent
2.5 mmol of PNIPAAm (282.5 mg) was dissolved in 1 ml of DMSO. 0.1 weight percent
of APS as the initiator was added to the system. The solution was then vortexed, and
nitrogen was bubbled through it for a minute. After the nitrogen bubbling, the solution was
kept at 80°C for 1 hour to allow the reaction to proceed. After 1 hour, the solution turned
viscous and was precipitated out by adding water to the solution. The precipitated polymer
was then washed with water for 48 hours to remove any unreacted monomers after which
the polymer was dried under 6inHg vacuum at 50°C overnight and stored at room
temperature.
8.4.2.2 Synthesis of PNIPAAm using water as the solvent
2.5 mmol of PNIPAAm (282.5 mg) was dissolved in 1 ml of water. 0.1 weight percent of
APS as the initiator and 2 wt. percent TEMED as the accelerator was added to the system.
The solution was then pipetted out between 2 glass plates with a Teflon spacer of 1 mm
thickness and the system was left at room temperature for 24 hours to polymerize the
monomer. After 24 hours, the glass plates were removed, and the formed polymer was
washed in DI water for 48 hours to remove any unreacted monomers after which the
polymer was dried under 6inHg vacuum at 50°C overnight and stored at room temperature.
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8.4.2.3 Zeta potential measurements
Zeta potential measurements were obtained using a Malvern Zetasizer Nano ZS90. The
polymers were dissolved in DI water at low temperatures and were added to cuvettes. A
small amount of NaCl was added to this solution ([NaCl] = 0.01 M) to have a constant
conductivity. The measurements were taken after the solution was equilibrated at 40°C for
15 minutes. Five runs were taken, and the data is as mean ± standard deviation for the five
repetitions.
8.4.2.4 Results
Results are represented in the Figure 8.10. From the figure it is clear that the PNIPAAm
synthesized has a negative zeta potential as compared to the polymer synthesized by water.
We hypothesized this due to the activation of DMSO in the presence of APS. The
schematics is shown in Figure 8.11. This phenomenon has been previously utilized for
synthesis of methylenebisamides (Mahajan et al. 2015). In the presence of APS, the DMSO
can form a radical and this radical can terminate the chain. This will lead to formation of a
chain with the end group being a DMSO radical. DMSO radical has an associated dipole
moment with it which can cause the zeta potential to be negative (Bachmann and van
Gunsteren 2014).
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Figure 8.10: Zeta potential values of PNIPAAm synthesized using DMSO as solvent as
well as water as a solvent.
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n
n
Figure 8.11: Mechanism of how DMSO gets attached to the end of a PNIPAAm growing
chain
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8.4.3

Kinetics of flocculation for PNIPAAm system

We checked the kinetics of flocculation on PNIPAAm system, by flocculating IONPs
through PNIPAAm system and measured the flocculation efficiency after 24 hours instead
of 10 minutes. [Polymer] = 1mg/ml, [NaCl] = 0.5 M, [IONPs] = 0.1 mg/ml were the
concentrations used in this system. The results are plotted in Figure 8.12. As seen from the
figure, there isn’t much difference between the flocculation efficiency at 10 minutes vs.
flocculation efficiency at 24 hours that suggests that even on longer time scale, PNIPAAm
does not floc IONPs with good efficiency.

Figure 8.12: Kinetics of flocculation for PNIPAAm system.
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